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1. Introduction 
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1.1. Supramolecular chemistry and organic electronics 
Organic electronics study semiconductor materials based on carbon to 
implement them in electronic devices. The design, simulation and fabrication 
of organic semiconductors (OSCs) is provided by collaboration between 
chemists, physicists, material engineers and computer scientists, to 
guarantee an effective development in this broad and interdisciplinary field.[1] 
It is stablished that usually the better the molecular organization of an OSC, 
the higher the material performance as in the case of organic field-effect 
transistors (OFETs). Since charge carrier transport depends strongly on the 
-orbital interactions, the order at supramolecular has important 
consequences for OSCs as is illustrate in Figure 1.1, the mobility () shows a 
decreasing progression form perfect-single crystals to disordered polymers.[2] 
 
Figure 1.1. Representation of the relationship between the charge transport 
in OFETs and their molecular order in solid state.[2] 
The Self-assembly of OSC, trough diverse intermolecular interactions 
result from the concepts developed in supramolecular chemistry (Figure 1.2). 
This had a humble beginning in 1960-1970 with the pioneering work on 
macrocyclic ligands of Charles J. Pedersen, Jean-Marie. Lehn and Donald J. 
Cram recognized by a Nobel prize in 1987 for" their development and use of 
molecules with structure-specific interactions of high selectivity".[3]–[5] Gradually 
the field of modern supramolecular chemistry continues growing from 
strength to strength and encompasses not just on macrocyclic host-guest. 
Many new and exciting opportunities have emerged as molecular devices and 
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machines, molecular recognition, so called self-processes such as self-
assembly and self-organization. And very recently, in 2016, to Jean-Pierre 
Sauvage, Fraser Stoddart and Ben Feringa for: “the design and synthesis of 
molecular machines" 
 
Figure 1.2. Evolution of the supramolecular chemistry. 
This thesis refers to the concepts in the supramolecular chemistry for the 
application in organic electronics.[6] 
1.2. Past and Perspectives in Organic Electronics 
The orthodoxy of silicon technology continues to play an important role 
for industrial applications, but an increasing attention is being paid to 
alternative materials based on carbon and organic electronics.[7] Historically, 
organic materials (plastics) were viewed as insulators in the electronic 
industry. These changed in 1997 from the discovery and development of 
highly-conductive organic polymers by Alan J. Heeger, Alan G. MacDiarmid 
and Hideki Shirakawa.[8] This event was awarded by the Nobel Prize in 
Chemistry in 2000.[9] However, war and the competition between nations have 
been the biggest motor of the technological development and after World War 
II the technological achievements in microelectronics were stunning. The 
miniaturization process predicted by Gordon E. Moore and the revolutionary 
ideas exposed by Richard P. Feynman in his famous talk, “there’s plenty of 
room at the bottom”, started to take place due to technological advances and 
historical events.[10], [11] Some of them collected in the journal of Social Studies 
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of Science by Hyungsub Choi and Cyrus C. M. Mody.[12] In war, the 
replacement of heavy devices like vacuum tubes, crystal diodes and mercury 
switches for lighter transistors and integrated circuits played a crucial role 
where soldiers with smaller radios could be equipped in more proviant. 
Furthermore, two remarkable progresses during the competition of nations 
contributed to the revolution of microelectronics. The first one was on 4th 
October 1957, where the Soviet Union successfully launched the first artificial 
satellite ‘Sputnik’. The second one was the fast development of 
microelectronics industry by the Japanese in the late 1970s. This process 
forced especially the Americans to improve their performance in the field of 
microelectronics. 
Although the field of organic electronics has a long story it is still in its 
infancy.[13] However, is expected that his global market volume will grow from 
$26.5 billion today to $69 billion by 2026 (market research institution 
IDTechEx).[14] These projections can be related to the benefits of using organic 
materials compared to inorganic materials, that will be able to: 
- be produced in a more specific way. By tailoring the molecular structure 
chemically, it is possible to customize new versatile materials optimal 
suitable for the necessities of the final application. Also, promising properties 
such as low weight, foldable, rollable and easy fabrication of large areas 
make this area auspicious in future. 
- be manufactured with low cost. Organic materials can be processed at 
lower temperatures in a continuous way avoiding several lithographic steps 
and high end clean room laboratories. That is thanks to development in 
techniques such spin-coating at high-temperature,  roll to roll, drop-casting  
and inject printing have demonstrated that are more suitable methods for 
manufacturing OTFTs than vacuum-base thin film methods.[15], [16] This will 
make technology more affordable and accessible, not only for the advanced 
societies but also for less developed zones in the world. 
- be more “eco-friendly” and sustainable than today’s electronics. One 
of the biggest challenges of the science community is the development of 
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materials that could cover, even forestall, the necessities of the society 
prevailing, as far as possible, the protection of the environment.  
1.3. Organic Semiconductors 
1.3.1. Description 
In general, a semiconductor is defined as a material whose electrical 
conductivity is situated between conductors and insulators. Organic 
semiconductors (OSCs) are materials mostly constituted with a highly 
conjugated cores or chains and possess the ability of conducting -electrons 
under the influence of external stimuli. 
The essential feature of -conjugated molecules are their double or triple 
carbon-carbon bonds which are delocalized over the molecule. To understand 
charge transport in OSCs, we will take as starting point the simplest 
representative molecule with -bonds, the ethane. In this case, the sp2 
hybridization of carbon in a double bond leave a pz orbital available for the 
formation of the   orbitals (Figure 1.3a). The alternation of double bonds, as 
in the case of benzene, enables the overlapping of pz orbitals stablishing the 
connection between  type bonding, giving rise to the phenomenon of the -
conjugation (Figure 3b).  
 
 
Figure 1.3. a) Structure of ethane and formation of  and  molecular orbitals 
by overlapping of hybrid sp2 and, respectively. b) Structure of benzene the 
overlapping of the hybrid pz showing the phenomenon of the -conjugation. 
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A representative OSC is pentacene (Figure 1.4), in this case, the electrons 
in the  bond can be delocalized via conjugation with neighboring  bonds, 
thus giving rise to charge carrier mobility. For this reason, most organic 
semiconductors are composed of aromatic units linked together, allowing  
orbital conjugation along the length of the molecule. Principally, the charge 
transport efficiency is intimately related to the electron cloud on the molecule 
and the electron cloud splitting with its neighbor molecules. It is believed that 
the mobility of the electrons is highly affected by two parameters. The first is 
transfer integral (t) that is the splitting of the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The 
second one is the reorganization energy (reorg) and is the energy loss when a 
charge carrier passes through a molecule, this energy is dependent on the 
conjugation length, degree, and packing of the organic molecules. For an 
efficient charge transport is required that t needs to be maximized and reorg 
needs to be small. 
 
 
 
Figure 1.4. Structure crystal structure of pentacene. Representation of the 
movement of the -electrons along the structure of pentacene and with the 
neighbour molecules. 
 
1.3.2. Band Gap 
The chemical nature of OSCs determines HOMO and LUMO energy 
levels.[17] The energy difference between them is the result of a recognizable 
bandgap in OSCs. The control of the HOMO-LUMO energy gap of -conjugated 
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systems is a key factor that determines the semiconductive properties.[18] It is 
well stablished that the band gap of insulators is large (higher than 4 eV) but 
lower for semiconductors (lower than 3 eV). The determination of the band 
gap can be experimentally determined via UV-Vis spectroscopy and 
conductivity methods. In the case of UV-Vis, the band gap is defined as optical 
band gap (Eopt) and correspond to the energy of the lowest electronic transition 
via absorption of a single photon. 
There are several factors that influence the band gap in OSCs (Figure 
1.5).[19], [20] On one hand, the alternation of multiple and simple bonds between 
carbon atoms in a molecule allows an overlapping of the pz orbitals, thus 
constituting the molecular orbital of the same. Increasing the number of  
orbitals gives an increase of the delocalization. Consequently, the energy 
difference between the orbitals will progressively decrease with the size of the 
conjugated chain as in the case of polyacetylene (Figure 1.5a).[21]  
Furthermore, planarization with the introduction of aromatic units in the 
backbone of the OSCs results in a low band gap, due to a high degree of 
delocalization of the  electrons (Figure 5b). On the other hand, the formation 
of charge transfer (CT) complexes between donor (D) and acceptor (A) 
molecules results in a reduction of the band gap (Figure 1.5c). The high energy 
level for the HOMO of the D unit and the low energy level for the LUMO of the 
A unit results in a lower band gap due to a CT from D to A units. Finally, 
OSCs can be easily tuned by the attachment of electron-donating (EDG) or 
electron-withdrawing groups (EWG) (Figure 1.5d). An EDG, such alkoxy, 
alkyl, esters or amides can push electron density to a -conjugated system 
either through a resonance or inductive effect. Substitution on a conjugated 
core with EDG con rise their energy levels. By contrast, the substitution with 
a EWG, such as F, Cl, CN etc; lower their energy levels. 
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Figure 1.5. Most relevant factors affecting the band gap. 
1.3.3. Charge transport  
When a voltage is applied to a sample sandwiched between two electrodes 
charge carriers are transported across the sample under the electric field. How 
quickly these charges are transported through the material is called carrier 
mobility (µ): 
𝜇 =
𝜐
𝐸
 
Where υ is the average drift velocity, that is, the common velocity at which the 
carriers, following random trajectories, move in the direction of the applied 
electric field, E. The mobility of electrons is related to the conductivity  by 
the equation: 
𝜎 = 𝑛𝑒𝜇 
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To study of the charge drift mobility have been study using several 
methods. These include: time-of-flight (TOF), space-charge limited current 
(SCLC), analysis of the performance of OFETs, measurement of transient 
electroluminescence (EL) and time-resolved microwave conductivity 
(TRMC).[22], [23]  
Different transport mechanisms are operative depending on the 
crystallinity or the structural disorder of the semiconductors.[24] Materials 
with a high degree of order like single crystal or conjugated polymers with 
extremely short torsions of chain are associated to a Band-like transport 
mechanism. To describe the charge transport in organic disordered systems, 
the hopping model has been developed. It has generally been accepted that in 
amorphous, highly disordered or some polycrystalline semiconductors, 
charge transport mainly occurs by hopping among localized states. This is 
understood as a sequential redox process over molecules; electrons are 
sequentially transferred from the anion radical of one molecule to a neutral 
molecule through the LUMO for electron transport, and electrons are 
sequentially transferred from a neutral molecule to the cation radical of 
another molecule thorough the HOMO for hole transport, as it is shown in 
Figure 1.6. 
 
Figure 1.6. Schematic of a hole-transport hopping mechanism: the hole 
(radical cation) moves through the material by redox reactions involving the 
adjacent molecules. 
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1.3.4. Classification 
In electronic devices, the charge carriers are either injected into the OSCs 
from a metal.[23] The charge carrier mobilities of organic materials greatly vary 
depending on the kind of charge carriers, whether they are holes (positive 
charge), electrons (negative charge) or both. Depending on the charge carrier 
transport, OSCs are divided into three types: n-type, p-type and ambipolar.[22] 
In p-type materials holes are carried with majority. Them are characteristic to 
have low ionization potentials (IP) together with low electron affinities and 
most of them include EDG in their structures. An ideal p-type material 
requires that the energy of the Fermi level (EFm) of the metal is close to the 
HOMO level for a good injection from the metal to the OCS (Figure 1.7a). In 
contrast, electrons are the majority carriers transported in n-type. Them are 
materials with high electron affinities (EA) together with high ionization 
potentials bearing EWG in the structure. The transport occurs through the 
LUMO where the Fermi level is aligned to it (Figure 1.7b). The introduction of 
both, EDG and EWG, allows transport of holes and electrons, the case of 
ambipolar materials. The injection from the metal allows the transport of 
holes through the HOMO level and transport of electrons through the LUMO 
level. 
 
 
Figure 1.7. Schematic representation of the injection and transport charges 
in OSCs. a) p-type and b) n-type. 
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To date, the great number of -conjugated semiconducting materials that 
have either been discovered or synthesized generate an exciting library of -
conjugated systems for use in organic electronics. The concept of mobility of 
a charge carrier is an important one in semiconductor device physics. It is a 
measure of how quickly the carriers will respond to an applied electric field. 
An evolution of organic semiconductors based on µ could be simply depicted 
as shown in Figure 1.8 The high mobility indicates the grate prospect of 
organic electronic devices surpassing amorphous silicon. The single 
crystalline OSCs have reach mobilities of 40 cm/Vs whereas in polycrystalline 
are around 5 cm/Vs.  
 
Figure 1.8. Comparison of the mobilities between inorganic and organic 
semiconductor materials. 
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Polymers 
Devices fabricated with thin-film polymers have more potential 
applications due to their solution processability and mechanical properties.[25] 
However, polymers form typically complex microstructures, where 
microcrystalline domain are embedded in an amorphous matrix, which limits 
charge transport (Figure 1.9).  
 
Derivates of conjugated polymers such as polythiophene have been 
implemented in OFETs as a p-type material. Among them, the regioregular 
head-to-tail poly(3-hexylthiophene) (P3HT) has received attention and has 
shown high mobility 0.05-0.1 cm2/Vs due to its good crystalline properties 
facilitating charge transport.[26] Incorporation of thiophene-fused aromatic 
rings into the polymer backbone enhanced the mobilities. For example, in the 
case of poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2- b]thiophenes) (PBTTT) 
exhibits a mobility of 0.7 cm2/Vs and no obvious degradation in ambient 
atmosphere or under light.[27] Other systems with high performance is the use 
of copolymer with A-D units as in the case of benzothiadiazole and 
cyclopentadithiophene (CDT-BTZ). It exhibited high mobility of 1.4 cm2/Vs.[28] 
 
N-type polymeric semiconductors are much scarcer due to the lower 
stability that they have. However, naphthalene-based copolymers, like 
poly(benzobisimidazobenzophenanthroline) (BBL), displayed high stability 
with a mobility of 0.1 cm2/Vs.[29] An interesting water processed conjugated 
polymer, based on pyridinium-phenylene units, demonstrated a mobility as 
high as 3.4 cm2/Vs, opening a new way for environmentally friendly 
processing.[30] 
 
Introduction   - 13 - 
 
Figure 1.9. Example of p and n-type polymeric organic semiconductors. 
 
Small molecules 
Small molecules have been widely studied because they are easy to purify 
and easily form crystalline films for the fabrication of the desired high-
performance devices. Evaporated small organic molecules typically exhibit 
higher mobility and better semiconducting characteristics than polymers 
semiconductors, owing to higher molecular ordering and the ability to form a 
well-ordered film.[31] 
p-type (Figure 10): Among all of them, acenes and their derivatives like 
pentacene and rubrene exhibited the best optimized hole mobilities of up to 
15-40 cm2/Vs.[32]–[34] Anthracene has also received much interest in OFETs. A 
hole mobility of 3 for anthracene was reported by TOF measurements at room 
temperature, however, field-effect mobility was observed to be only 0.02 
cm2/Vs in anthracene single crystals.[35], [36] An effective approach to extend 
-system overlap is introduce appropriate substituents at peri/side-positions 
of acenes. One of the anthracene derivatives, 9,10-diphenylanthracene, was 
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found to have a mobility of 0.16 cm2/Vs, which was one order higher than 
anthracene.[37] Oligomers based on anthracene is an effective way to extend 
the -conjugation, improve their solubility, stability and molecular packing. 
2,6-tryanthrilene with diexyl chains (3A) was found to have a mobility of 0.18 
cm2/Vs.[35] 
Macrocyclic compounds like metal phthalocyanine compounds are 
another typical class of OSCs for OFETs. In fact, titanylphthalocyanine 
(TiOPc) showed a record hole mobility of 10.0 cm2/Vs in its vacuum-deposited 
organic thin film transistors (OTFTs)[38] 
Other potential candidates are tetrathiafulvalene (TTF) analogues which 
are well-known as electron donor in CT complexes.[39] Growing crystals by 
solution or vapor-transport of hexamethylene-tetrathiafulvalene (HMTTF) 
gave as a result mobilities of  11cm2/Vs. 
 
n-type (Figure 10): them semiconductors are essential for ambipolar 
transistors and complementary circuits. One effective approach to obtain n-
type materials is the introduction of EWG groups on the -conjugated core. 
This usually leads to a transition from p-type to n-type semiconductors.[40]  
Fluorine (-F) is the most electronegative and small, for example, 
perfluoropentacene films possess n-type characteristics with an electron 
mobility of 0.11 cm2/Vs. This mobilities were comparable to pentacene 
transistors prepared under the same conditions (µe= 0.45 cm2/Vs).[41] Others 
EWG are the dicarboxylic imide, the introduction on the naphthalene core as 
the cyclohexyl substituted naphthalene diimide showed µe= 6.2 cm2/Vs in 
TFT measured in argon atmosphere under low humidity.[42]  
Nitrogen-heteroarene is another type of n-type semiconducting material 
that has received great attention in recent years.[43] Besides keeping planarity 
of the p-conjugated skeletons, comprehensive results showed that the 
introduction of pyrazine could increase the stability of organic radical anions 
while decreasing electron injection barriers. A single-crystal transistor based 
on 5,7,12,14-tetrachloro-6,13-diazapentacene exhibited a high electron 
mobility of 3.39 cm2/Vs in ambient, demonstrating excellent electron-
transporting property.[44] 
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Fullerene C60 is also an important n-type OSCs. The performance of based 
OFETs has experienced tremendous advances with electron mobilities from 
0.08 to 6.0 cm2/Vs.[45] 
 
 
Figure 10. Representative p-type and n-type small molecule and the values 
of mobility. 
1.3.5. Material Requirements for High Performance 
Electronic devices made with organic materials already have multiple 
applications and have been widely commercialized, mostly in organic light 
emission diodes, photovoltaic, and transistor technologies. However, many 
challenges remain which are currently hindering the use of organic devices 
with an acceptable operating speed, functionality, reliability and life time.[31] 
In view of these considerations, the development of organic semiconductors 
requires a much more better understanding of the charge-transport 
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properties and fundamental aspects must have in mind when you are going 
to design organic semiconductors (Figure 11): 
 
Figure 11. Schematic representation of a OFET showing the requirements for 
a high performance OSCs. 
Improve controlled self-assembly.  
 
One of the biggest drawbacks of OSC materials is the low mobility with 
respect to inorganic materials. This fact is strongly related with the influence 
of the crystal packing in organic materials that play a significant role in the 
performance of devices.[46], [47] The crystal structure is determined by an 
interplay between van der Waals forces and quadrupolar interactions. The two 
competing interactions promote diﬀerent molecular stacking that minimize 
the energy. Therefore, the packing mode of OSCs becomes very important for 
the analysis of the charge transport between molecules. There are four 
different kinds of packing motifs (Figure 12): a) herringbone packing (face-to-
edge) without - overlap (face-to-face) between adjacent molecules; b) 
herringbone packing with - overlap between adjacent molecules; c) lamellar 
packing, one-dimension (1-D) -stacking, and d) lamellar packing two 
dimension (2-D) -stacking. Of the four kinds of packing motifs, that of 
lamellar packing (2-D -stacking) is believed to the most efficient for charge 
transport. 
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Figure 12. Some possible conjugated crystal packing motifs of conjugated 
molecules: a) herringbone packing (face-to-edge) without - overlap (face-to-
face) between adjacent molecules; b) herringbone packing with - overlap 
between adjacent molecules; c) lamellar packing, one-dimension (1-D) -
stacking, and d) lamellar packing two dimension (2-D) -stacking.[46] 
 
Chemical stability 
It is important to understand the long-term stability of any molecular 
electronics under a wide variety of conditions due to OSCs are highly sensitive 
to oxygen, moisture, light and temperature. For this reason, device fabrication 
and testing usually must be performed under inert atmosphere or vacuum 
which complicates the low-cost device applications. 
Conjugated molecules that function as p-type semiconductors are easily 
oxidized, which explains their sensitivity to the oxygen in air. In the case of 
acenes, increasing molecular length in the -framework enables strong 
intermolecular overlap which enhances the carrier transport but their 
stability notably decreases.[48] When the number of benzene rings increases, 
the HOMO level becomes higher and the HOMO-LUMO gap becomes narrower 
(Figure 13a). Such high-lying HOMO levels makes the molecules susceptible 
to air oxidation in ambient conditions forming endoperoxide products via 
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[4+2] in the presence of dioxygen. Narrow HOMO-LUMO gap will cause 
photochemically dimerize ([4+4] cycloaddition (Figure 13b). Different 
strategies, including the introduction of electron-deficient substituents via C–
C single-bond linkage, the fusion of electron-deficient groups onto the acene 
backbone, and the introduction of heteroatoms into the acene framework have 
been developed in order to increase acene’s stabilities.[49]–[51] 
The n-type OSCs also suffer instability in devices under ambient 
conditions. The major sources of electron traps in OTFT from the electron 
charge carrier trapping by H2O and O2.[52] The common design strategy to air 
stable n-type semiconductors in functionalizing the conjugated materials with 
strong EWG as it was mentioned before. This achieve low LUMO systems to 
avoid reactions with H2O or O2. 
 
Figure 13. a) Calculated frontier orbitals of oligoacenes. b) Instability of 
tetracene and pentacene in the presence of air and light. 
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Processability in solution  
This represents a significant drawback for less expensive techniques for 
achieving the goals of low-cost and high-volume production. OSCs are 
characterized by their rigidity and strong aromatic interactions that make 
them very insoluble. However, several functionalization strategies were 
proposed to improve the solubility, like adding side-groups what promotes 
considerably better solubility and can help to the stability.[53] This increase of 
solubility in organic compounds has achieved comparable levels of mobility 
in the use of solution techniques compared to high-vacuum. One example is 
the comparison of pentacene with the TIPS-pentacene (Figure 14).[54] The 
latter, have reached mobilities in the range of 1.8 cm2/Vs by drop-casting 
when by sublimation were 0.4 cm2/Vs. In addition, TIPS-pentacene reached 
mobilities comparable to pentacene by sublimation (5.0 cm2/Vs). The 
introduction of lateral chains in the peri-positions changed the packing motifs 
from herringbone to 2D face-to-face -stacking by diminishing C−H···. Also, 
that type of substitution improved the stability against oxidation and 
prevented dimerization of molecules. 
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Figure 14. Structure and packing motif of pentacene (a) and TIPS-pentacene 
(b). Comparison of the mobilities extracted from TFT by vacuum deposition 
and drop-casting. 
1.4. Objectives of the thesis 
The aim of this thesis it is based on the supramolecular concepts for the 
application in organic electronics, that requires of the design and synthesis of 
OSCs. For this, it has been developed a methodology for the obtaining of self-
assembled mixed-stacks DAD with acene derivatives as D units (Figure 15). 
This mixed-stacks will be formed by a Leigh-type macrocycle with two parallel 
anthracenes at 7Å. The cavity would allow host-guest interactions with a 
phenazine as an A unit. In this way, the phenazine unit can be at a distance 
equidistant of 3.5Å between the donor units. This mixed-stacks can self-
assembly generating well order channels of conduction (···DADDAD···) because 
of -type intermolecular forces.  
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Figure 15. Methodology for obtaining mixed-stack columns. The A unit is at 
a distance equidistant of 3.5Å between the donor units. 
 
1.5. Outline of the thesis 
According to what has been discussed in the section 1.4, this thesis is 
divided in seven chapters as is illustrated in Figure 16. 
 
Figure 16. Schematic representation of the outline of the thesis 
In Chapter 2, a Leigh-type macrocycle, based on two electron-rich donor 
anthracenes as D units, has been selected and synthesized. Anthracene is 
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known as a p-type material and the two D units are separated by a distance 
of  7Å. These long distances should be detrimental for the charge transport 
properties. However, this type macrocycles have four amides capable to form 
hydrogen bonds allowing host-guest reactions with other semiconductors 
allowing charger transport. Modification of the macrocycle core, for increasing 
of solubility and control the size of the cavity will be described. 
In Chapter 3, a series of different A units, based on phenazines, will be 
synthesized to study the supramolecular interaction and assembly with the 
macrocycles containing anthracene units described in Chapter 1. Some 
modification we will be introduced in the phenazine to tune their electronic 
density and H-bond basicity. The phenazines in the present thesis will be 
classified in three main groups: unsubstituted, electron-rich, electron-
deficient. Then, the optical properties in solution and in solid state will be 
discussed. Furthermore, the stability in solid state by thermogravimetric 
analysis (TGA) as well as the photoconductivity properties by TRMC will be 
described. 
In chapter 4, it will be studied the complexation reaction between 
macrocycle 1 synthesized in chapter 2 and the phenazine derivatives in 
chapter 3. The formation of the different pseudorotaxanes DAD, 
characterization, stability, strength (association constant, Ka) as well as the 
optoelectronic properties will be discussed. 
In Chapter 5, the supramolecular organization of the pseudorotaxanes 
described in chapter 4.  The solid-state ordering strategy described in figure 
will allow the obtention of one-dimensional columnar mixed-stacks of D and 
A units with a 2:1 stoichiometry (···DADDAD···). This will have studied by X-
ray crystallography, steady-state absorption, emission, Raman and TGA. 
Furthermore, charge transport properties were measured by TRMC.  
In Chapter 6, the fabrication and characterization of the first OFET by 
solution techniques will be discussed. 
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In Chapter 7, mechanically interlocked molecules (MIMs) based on 
rotaxanes derived from macrocycles synthesized in chapter 1 and phenazines 
derivatives with stoppers will be synthesized and characterized.  
In chapter 8, the most relevant conclusions of this thesis are summarized 
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2.1. Introduction 
Macrocycles are defined as cyclic molecules generally consisting of organic 
frames. [55] Macrocycles are common and broadly distributed in nature and 
they can reach  more than 50 atoms.[2],[3] The early macrocycles were 
synthesized with an eye to mimicking biologically occurring macrocycles, 
investigating supramolecular chemistry and host−guest processes such as ion 
transport.  
The design and synthesis of new macrocyclic host molecules represent a 
challenging area of research. Notably, the introduction of fully conjugated 
materials into macrocyclic structures can have numerous benefits in the area 
of organic electronics using supramolecular chemistry.[58] Several potentially 
advantages that arises from the intrinsically preorganization of macrocycles 
should improve some determinant factors involved in the charge transport of 
organic materials. The possibility to build complexes with an ordered 
supramolecular architecture through aromatic interactions with fully -
conjugated backbones useful for building columnar 1D, 2D surfaces or 3D 
networks. The lack of end groups can reduce defects that act as trap-sites for 
charges as they move through materials. Furthermore, the conformational 
rigidity provided by aromatic moieties with well-defined central cavities can 
allow specific host–guest interaction for electronically useful guest molecules 
There is a huge versatility of that kind of systems including cyclic 
anuelenes and phenylenes and acenes, as well as, hetero-macroycles 
containing thiophene, pyrrole and pyridine. Also, tetrathiafulvalene (TTF) and 
carbazole containing macrocycles (Figure 2.1). The introduction of fully 
conjugated materials into pre-organized macrocyclic structures is a strategy 
to obtain order and organic semiconductors at the same time which can 
exhibit unique optical and electronic behaviours.[59] [60], [61],[62], [63] [64][65] 
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Figure 2.1. Schematic representation of conjugated macrocycles. 
Thereby providing new perspectives for these systems including organic 
electronics, such as devices and switches.[66], [67] Other properties of these 
macrocycles show interesting photophysical properties for OPVs.[68][69][70][71] 
Also, light-harvesting behaviour and luminescence devices.[72]  
2.2. General aspects of macrocycles 
Macrocycles are important and powerful ligands capable to form 
complexes with a characteristic cavity with different binding sites (Figure 2.2). 
The closing ring can be designed by formation of covalent bonds and 
modulated by accurate selection of precursors with different functionalities. 
This can result from an interplay of multiple forces including non-covalent 
interactions bonds, hydrogen bonding, aromatic interactions, steric and 
electrostatic. That factors will define the macrocycle. These induced properties 
designed precisely can result in certain macrocycles having high binding 
affinity as well as high selectivity for specific guest species. Furthermore, 
complexation with specific molecules can ordered supramolecular 
architectures. 
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Figure 2.2. Schematic representation of synthesis, shape and recognition 
abilites of macrocycles. 
Cyclic systems are more robust and preorganized compared with acyclic 
receptors and hence form more thermodynamically stable complexes, because 
less conformational change is required upon binding. Traditionally, this effect 
has been termed as ‘‘macrocyclic effect’’.[73] The formation of complexes is 
based on host-guest chemistry through non-covalent intermolecular 
interactions. To form a complex, the macrocycle (the host) recognizes and 
incorporate the guest into the cavity. In this case the guest can be a specific 
molecule, atom or ion. The macrocyclic ring structure allows the host 
molecule to achieve a degree of structural reorganisation.[74] This enables key 
functional groups to interact with a host within the binding sites and thereby 
minimising entropic loss. Following, the synthesis, shape and binding abilities 
will be described which for a successful macrocycle design.  
2.2.1. Synthesis 
Macrocyclic compounds can be obtained using a large variety of chemical 
reactions for the key ring-closing step.[3,6,7] Many challenges remain in this 
field when host compounds should be easy to make in large quantities. A 
challenge of macrocycle construction is about solving the dreaded 
“ring/chain” equilibrium, well familiar to polymer chemists. A reasonable 
strategy to minimize the probability of oligomerization and improve the 
cyclization efficiency is to use the popular macrocyclization technique of high 
dilution condition (Figure 2.3).[76] A common and simple experimental 
assembly used for this purpose is necked round-bottom flask equipped with 
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two addition syringe pumps.  
 
 
Figure 2.3. Representative illustration of macrocyclization reaction using 
high-diluted conditions. 
Although this method reduces the probability of intermolecular 
polymerization reactions. Alternative methods exist, that could allow working 
at concentrations (above the millimolar range) and scales applicable to 
industrial and environmentally sustainable processes, reducing dramatically 
the quantity of the solvent needed. A favourable preorganization (i.e., 
appropriate conformation) of open-chain precursors is a key factor 
determining their propensity to cyclize. Selecting the appropriate ring-closing 
reaction is a crucial step for any synthetic macrocyclization strategy. In some 
cases, this is associated with the presence of specific functionalities in the 
target macrocyclic structures but, in other situations, this reflects the 
existence of intrinsic features favouring the efficiency of the cyclization. To 
diminish this entropic cost and also to promote the effective 
macrocyclization, various strategies have been developed (Figure 2.4) that 
include one-step cyclization, templated cyclization, intramolecular ring 
closure.[77] 
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Figure 2.4. Schematic representations of different macrocyclization 
strategies. a) one-step cyclization, b) intramolecular ring closure and c) 
template cyclization. 
There are some benefits and drawbacks for these methods. For example, 
one-step cyclization is a simple method that use simple starting materials 
with the possibility to scale up in an easy way, but in contrast, usually low 
yields and many by-products are obtained. In template-directed 
macrocyclization facilitate one-pot multi-component macrocyclization 
reactions high yields are achieved minimizing the number of by-products. 
However, it is necessary to use auxiliary templates with the corresponding 
synthesis of the precursors, what can be an intensive task and difficult to 
scale up. Finally, intramolecular ring closure also have benefits obtaining 
macrocyclization processes with high yields and minimal by-products but also 
can be difficult to scale up. In the majority of reported conformation-assisted 
macrocyclization, conformational bias is an intrinsic feature of the overall 
molecular backbone or functional groups such which results from an 
interplay of multiple forces including covalent bonds, hydrogen bonding, 
steric and electrostatic factors (Figure 2.5). 
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Figure 2.5. Common H-bonding motifs used in the construction of 
macrocycles. 
2.2.2. Shape and recognition abilities 
The shape of macrocyclic compounds is one of it important characteristics 
due to the host-guest properties are largely dependent on their cavity sizes.[78] 
Thanks to their versatile synthesis fuelled by the possibilities of using space- 
and geometry- specific may be constructed in a variety of shapes to meet 
functional needs. In general, two classes of discrete compounds can be 
formed: one, coordination cycles and cages; two, organic macrocycles and 
cages. The former is mainly metal coordination assemblies, whereas the latter 
is covalent organic supramolecules.[75] Classic organic macrocycles species 
with a variety of shapes opened the development on this field. Some examples 
are cyclodextrins (bucket), crown ethers (crown), calixarenes (calix), 
cucurbiturils (pumpkin), porphyrins, cyclophanes, and pillararenes (pillar), 
which all have assumed a wide range of applications (Figure 2.6).[79]  
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Figure 2.6. Schematic representation of classic macrocycle 
 
One important requirement for any macrocyclic compound, to act as an 
efficient host, is the size of its central cavity, which needs to be complementary 
in size to any given guest molecule. Several examples of high selectivity 
forming host-guest complexes with conjugated materials can be found in the 
literature. Some examples are highlighted in Figure 2.7.[12,13] 
 
 
Figure 2.7. Examples of host-guest complexes with conjugated materials 
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2.3. Objectives  
A [2+2] macrocycle 1 containing two pre-assembled anthracenes as 
electron rich semiconductor moieties and two 2,6-pyridinedicarboxamides 
containing four amides capable to form hydrogen bonds was selected and 
synthesized (Figure 2.8).[82] This type of macrocycle have shown high affinities 
with different substrates like squarine, croconiane, polymers and formation 
of rotaxanes.[29-32] The two anthracene units are separated by a distance of  
7Å. These long distances are detrimental for the charge transport properties. 
However, macrocycle 1 have four amides capable to form hydrogen bonds 
allowing host-guest reactions with other semiconductors allowing charger 
transport. Based on this macrocycle we design macrocycle 2 containing 
solubilizing TIPS groups to increase the solubility. Both macrocycles, 1 and 2 
can form intramolecular H-bond. The synthesis of macrocycle 3 with 
isophthalic units would avoid competition between intra/inter H-bond 
formation achieving more stable complexes and could modify its cavity. 
 
Figure 2.8. Target macrocycles based on anthraces units 1-3 
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We have focused on acene derivatives because of their potential 
applications in several areas of organic electronics. Among them anthracene 
derivatives have re-emerged because of their availability, enhanced stability 
in comparison to the longer acenes, and their increasing performance in 
several applications such as hole transport materials with mobilities 
exceeding 10 cm2/Vs.[85][86] Furthermore it have been implemented in solar 
cells and as emitters in luminescent devices.[87], [88]. Finally the -conjugated 
core of anthracene has made it possible to use as self-organising 
compounds.[89], [90]  
To achieve this, the work approach before was: 
• Synthesis of the precursors 
 
 
 
• Synthesis of the macrocycles using the corresponding acid chloride and the 
diaminoanthracene. 
• Characterization of the macrocycles and stability in solution. 
• Study of the photophysical properties in solution and solid. 
• Study of the crystal structure and supramolecular organization by X-ray. 
• Stability by thermogravimetric analysis. 
• Investigate the charge transport in the solid-state by TRMC. 
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2.4. Results and discussion 
2.4.1. Synthesis of precursors 
Acid Chlorides 
The isophthalic acid 23 was synthesized in three steps (Scheme 2.1). The 
first step was achieved following the procedure described in the literature,[91] 
where the commercially available 5-iodo-xylene (20) is oxidized by KMnO4 to 
5-iodo-isophthalic acid 21. Then, Sonogashira cross-coupling between aryl 
iodide 21 and triisopropylsilyl acetylene afforded compound 22. Treatment of 
the latter with refluxing thionyl chloride under dry conditions led to dichloride 
23. 
 
 
 
 
 
The synthesis of the diacid chloride 30 was achieved in seven steps 
(Scheme 2.2). The obtention of the dimethyl chelidamate 24 was obtained 
according the procedure described in the literature.[92] Claisen-type 
condensation of acetone and two equivalents of ethyl oxalate, followed by 
acidic hydrolysis gave chelidonic acid 24, which was transformed to 
chelidamic acid 25 in aqueous ammonia. Esterification of 25 was carried out 
according to the literature.[93] The so obtained dimethyl chelidamate 26 was 
refluxed in chloroform with PBr5 to convert the 4-pyridone core in a 
substituted 4-bromopyridine 27.[94] TIPS-acetylene moiety was introduced by 
means of Sonogashira reactionto obtain product 28 that was hydrolyzed in 
basic medium to obtain the corresponding diacid 29.[95]  Finally, the diacid 
chloride 30 was formed in refluxing thionyl chloride just before the 
Scheme 2.1. Synthesis of diacid chloride 23 
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macrocyclization. Notably all the intermediates can be purified by 
precipitation or crystallization, avoiding column chromatography, except for 
compound 28. Indeed, this Sonogashira proceeds with excellent to 
quantitative yield, but an easy chromatographic purification is needed to 
remove the catalyst. Thus, the compounds 24-30 can be obtained in 
multigram scale from inexpensive starting materials. 
 
 
 
 
bis(aminomethyl) anthracene 
Even though diamine component 33 is available commercially, it was 
conveniently synthesized in multigram scaleby the double bromomethylation 
of anthracene (31) obtaining 26 followed by treatment with 
hexamethylenetetramine and hydrolysis of the quaternary salt (Scheme 
2.3).[96] 
 
 
 
 
Scheme 2.2. Synthetic route of diacid chloride 30 
Scheme 2.3. Synthetic route of 9,10-Bis(aminomethyl)anthracene (33) 
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2.4.2. Synthesis of Leigh-type macrocycles  
Two different methods were used in order to synthezise macrocycle 1, one-
step cyclization and template cyclization. 
 
One-step cyclization 
The macrocyclization reaction was carried out as reported in literature for 
macrocycle 1. The macrocyclization reaction of the different anthrylene 
tetralactam macrocycles 1,2 and 3 were carried out with the same procedure 
(Scheme 2.4). A diluted solution of the appropriate acid dichloride (23, 30 or 
34) in dry chloroform and a solution of 9,10-Bis(aminomethyl)anthracene 33 
and triethylamine in dry chloroform were simultaneously added via a motor 
driven syringe pump to stirring, room temperature anhydrous chloroform over 
4 h. Both solutions at the same concentration in the range of 10-3-10-4M After 
removal of the polymer by filtration the macrocycle was purified by column 
chromatography and re-precipitated. The different macrocycles 1-3 were 
obtained in reproducible yields of 13–27%. Although the synthetic yields are 
modest, the assembly process is notable because it captures four components 
in a single step. 
 
 
 
Scheme 2.4. Synthesis of macrocycles 1-3 by one-step cyclization 
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Template cyclization 
Three different templates were used to achieve higher yields in the 
macrocycliziation reaction, a fumaramide (35) and two different phenazines 
with EDG (7) and EWG (11) groups (Scheme 2.5). A diluted solution of the 
appropriate acid dichloride (10-3-10-4M) in dry chloroform and a solution of 
9,10-Bis(aminomethyl)anthracene (10-3-10-4M) and triethylamine in dry 
chloroform were simultaneously added via a motor driven syringe pump to 
stirring, room temperature anhydrous chloroform over 4 h with the 
corresponding template (equivalents are shown in Table 1). After removal of 
the polymer by filtration the macrocycle was purified by column 
chromatography. The different yields are observed in Table 2.1. 
Unsuccessfully the yields were not improved. 
 
 
 
 
 
 
Scheme 2.5. Synthesis of macrocycles 1-3 by one-step cyclization 
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Table 2.1. Conditions for the synthesis of macrocycle 1 using template cyclization. 
 
 
 
 
2.4.3. NMR-studies in solution 
In Figure 2.9 are shown the partial 1H-NMR of the three different 
macrocycles 1-3 in TCE-d2 (Figure 26). No significative differences are 
observed between the pyridine-containing macrocycle 1 and 2. Anthracene 
protons D and E (8.24 and 7.53 ppm) and the methylene protons C (5.54 ppm) 
appears exactly at the same chemical shift. That indicates that both have the 
same electronic density. However, when pyridine-containing macrocycles (1 
and 2) are compared with isophtalamide-containing macrocyle 3 it is observed 
a large shift on the amidic protons. While for 1 and 2 the NH protons appears 
at 7.58 and 7.54 ppm respectively, for the isophthalamide-containing 
macrocycle 3 appears shielding at 6.24 ppm. That large shift is due to the 
possibility that macrocycles 1 and 2 with the pyridyl moieties can form 
intramolecular hydrogen-bonds but not isophthalamide-containing 
macrocycle 3 (Figure 2.9). The electronic density around the amidic protons 
decrease sharply appearing at higher chemical shift.  
Template equivalent Yield of 1 (%) 
35 100 16 
7 0.36 20 
11 1.68 21 
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Figure 2.9. Partial 1H-NMR spectra of macrocycles 1-3 at room temperature 
in TCE-d2 at 2.5mM.  
As it was mentioned in the general introduction, stability is a troublesome 
issue to take into account when working with acenes. In fact, acenes 
photochemically dimerize ([4+4] cycloaddition and oxidize ([4+2]) in the 
presence of dioxygen. Anthracene derivatives are also known to undergo 
cycloaddition reactions with singlet oxygen. In our cases it is well documented 
that macrocycle 1 evolves to form endoperoxide species.ref 
Here is shown the evolution of the three macrocycles 1-3 during 28 days 
by 1H NMR (Figure 2.10). All three samples were prepared at the same 
concentration (2.5 mM) under nitrogen in tetrachloroethane. After air was let 
enter into the sample by diffusion. Methylene signals (C) were followed during 
the experiment. Initially methylene signals for macrocycles 1-3 had their 
resonance at 5.54, 5.54 and 5.48 ppm respectively.  
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Figure 2.10. Evolution of methylene (C) signals by 1H NMR of macrocycles 1-
3 at room temperature in TCE-d2 at 2.5mM for 28 days. 
As oxygen enters into the sample cycloaddition forming endoperoxide 1*-
3* were observed. The methylene signals for the endoperoxide macrocycles C* 
have their resonance signals shielded in comparison with the initial 
macrocycles at almost the same chemical shift 4.86, 4.87 and 4.85 ppm 
indicating. While for macrocycle 1, after 28 days remains initial compound, 
macrocycles 2 and 3 only signals of endoperoxide macrocycles 2* and 3* were 
observed.  
2.4.4. Absorption and photoluminescence 
Solution measurements 
First, the ground state geometries of the macrocycles 1-3 were compared 
by UV-Vis spectroscopy in TCE at 10-4M (Figure 2.11 and Table 2.2). For all 
systems, almost same UV-Vis spectra were obtained.  
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Figure 2.11. Normalized absorption and emission spectra of macrocycles 1-
3 in tetrachloroethane at 10-4M. 
The electronic absorption spectrum of macrocycle 1 and 2 are typical of 
anthracene with four vibrionic bands of the main electronic absorption at 344, 
461, 380, 402 nm. Its main fluorescence emission band also shows a similar 
vibrionic structure at 412, 428, 454 and 484 nm. However, macrocycles 1 
and 2 show a bathochromic shift of 1 nm compared to the isophthalamide 
containing macrocycle 3 and 2 nm in the fluorescence spectra. No aggregation 
effects were observed in experiments at different concentration spanning from 
10-4 to 10-6M. 
Table 2.2. Absorption and emission maxima wavelengths of macrocycle 1-3 
at 10-4M 
 
 
 
 
 
Macrocycle abs/nm em/nm 
1 341, 358, 377, 398 412, 428, 454,484 
2 341, 358, 377, 398 412, 428, 454,484 
3 340, 357, 376, 397 410, 426, 452,482 
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Solid-State measurements 
Optical properties were measured also in solid state for macrocycles 1-3 
(Figure 2.12 and Table 2.3). Superimposable absorption spectra were 
obtained for all of them and they were slightly red-shifted in comparison with 
the spectrum in solution (3-5 nm). However, large changes were observed in 
the emission. Four vibrionic bands were observed for spectra in solution, 
while in solid state broad bands were recorded. Taking macrocycle 1 as a 
reference, the maximum wavelength emission appears at 457 nm. The 
analogue macrocycle 2 with the TIPS group appears at 438 nm blue-shifted 
(nm) in comparison with macrocycle 1. The opposite was observed for 
the isophthalic macrocycle 3 with the TIPS units, em= 514 nm, large red-shift 
in comparison with macrocycle 1 (nm) and even more in comparison 
with macrocycle 2 (nm). That differences are attributed in the 
different packing as it will be shown below. 
 
Figure 2.12. Normalized absorption and emission spectra of macrocycles 1-
3 in solid state 
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Table 2.3. Absorption and emission maxima wavelengths of macrocycle 1-3 
in solid state. 
 
 
 
 
2.4.5. Single crystal X-Ray  
Crystals suitable for X-ray diffraction of all three macrocycles 1-3 were 
obtained by vapor diffusion technique in two solvents with different polarity. X-ray 
crystallographic data of the macrocycle structures were obtained. The 
crystallization conditions and tables of X-ray structural data are summarized in 
the Experimental Section. We analysed the crystal structure of the macrocycles 
themselves and, more interestingly, their packing and interactions in the crystal 
lattice. 
 Macrocyclic units 
In Figure 2.13 is shown the crystal structure of pyridyl-containing macrocycle 
1 that was obtained in different polymorphs depending on the solvents used. In 
ethanol (Figure 2.13a), it presents a crystal structure in a chair like conformation 
(dihedral = 135o). As expected all carbonyl groups are pointing outside the 
macrocyclic cavity (exo-carbonyl groups) and the amidic hydrogens are pointing 
inside.  
Macrocycle abs/nm em/nm 
1 344, 362, 381, 403 457 
2 344, 361, 380, 402 438 
3 344, 361, 380, 401 514 
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Figure 2.13. Polymorphs of macrocycle 1 crystalized in: a) TCE/Ethanol. b) 
CHCl3/IPA. 
The amidic protons are forming intramolecular hydrogen bonds with the 
pyridyl nitrogen and intermolecular with two molecules of ethanol. Two 
conformations with different bending angle of macrocycle 1 are possible to 
observe. The first one, the molecules of ethanol form a hydrogen bond with 
only one of the amides and the second one ethanol is bounded by two amides. 
When macrocycle 1 is crystallized in the presence of IPA, a different 
conformation is observed (Figure 2.13b). Only one molecule is trapped into 
the cavity forming a hydrogen bond with two amides and it crystallizes in a 
boat conformation (dihedral =127o). The bulky molecule of IPA distorts the 
parallel orientation of the anthracene units.  
Pyridine-containing macrocycle 2 with two TIPS units also crystallizes in 
a bent chair conformation (dihedral=135o) and the two anthrylene 
chromophores adopt again a parallel orientation (Figure 31). The planes 
between the anthracene units and the pyridine form an almost perfect 
rectangle (89o). In contrast, isophthalamide-containing macrocycle 3 with two 
TIPS units crystallizes in a flattened chair conformation, but again with the 
two anthracene units are parallel to each other (figure 2.14). Although all the 
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oxygens are pointing outside and the amidic hydrogens are pointing inside 
the cavity, the dihedral angles changes respect to the other cases. The 
different dihedral angels observed (dihedral=168o) due to the lack of the NH…N 
hydrogen bonds that reduces the steric constraint. In other words, the 
isophthalamide-containing macrocycle 3 is more flexible, indeed the centroid-
to-centroid distance between the two parallel anthracene units are in the 
range of 7.52 Å. Macrocycles 1 and 2 are more rigid due to the internal 
hydrogen bond with distances in the range of 7.21 and 7.03 Å, respectively 
(Figure 2.14). 
Table 2.4. Hydrogen bond distances and angles for macrocycles 1-3. 
 
 
 
 
 
 
 
 1 2 3 
 dNH···N Pyridine (Å) 2.40/2.37 2.40/2.33 ---- 
        N···H···N Pyridine (deg) 104/106 105/107 ---- 
         dihedral (deg) 135/134 135/134 174/146 
161/126 
        dC1-C2 (Å) 7.27 7.05 7.7 
        dC1-plane2 (Å) 7.21 7.03 7.52 
        C1-plane2 (deg) 7.03 4 14 
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Figure 2.14. Crystal structures of the macrocycles 1-3 units with the 
dimensions of the cavity. The solvent was removed for clarity. 
Supramolecular organization 
Macrocycle 1 crystallizes in the monoclinic space group P 1 21/c 1. 
Macrocycle 1 organizes forming chains, where one pyridine ring stacks almost 
flat in antiparallel fashion with the pyridyl unit of an adjacent macrocycle 1 
(Figure 2.15a). The measured distances between the pyridyl rings are 3.57 Å. 
One chain is flipped 90o respectively to the previous chain. This chain is 
postponed, so that one is staked from the pyridyl rings between the 
anthracene moieties with distance of ranging randomly from 3.52Å (distances 
between the centroid of the pyridyl ring to the plane of the anthraces). That 
little distortion in the crystalline structure can be explained due to the fact, 
that in the cavity of each macrocycle two molecules of ethanol are trapped 
forming hydrogen bonds with the amides.  
Macrocycle 2 also crystallizes in a monoclinic crystal system with a 
different space group, P21/c (Figure 2.15b). Also keeps the bent conformation 
with the same dihedral angles (dihedral=135o) than macrocycle 1. The main 
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difference it is that macrocycle 2 does not form chains where they are packed 
one pyridine with another. Macrocycles are packed in alternative structure 
between the pyridine units of the adjacent macrocycle with distances of 3.37 
Å. The steric hindrance of the TIPS group hampers the interaction between 
the chains like in the case of macrocycle 1.  
In contrast macrocycle 3 crystalizes in a triclinic space group P-1. 
Macrocycles are preferentially forming CH- interaction with one benzene ring 
and the macrocycle along one direction (Figure 2.15c). However, a central 
column of macrocycles is formed stacked by anthracenes with 3.51 Å 
distances (Figure 2.15d). 
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Figure 2.15. Supramolecular organization of macrocycle 1-3. 
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2.4.6. Semiconducting properties 
Charge transport properties of the different macrocycles 1-3 were carried 
out by time resolved microwave conductivity (TRMC). This method makes it 
possible to evaluate the intrinsic charge-transport properties of materials as 
well as anisotropy without attaching electrodes. 
In Figure 2.16 is shown the photoconductivity of the macrocycles 1-3. The 
photocurrent of macrocycle 1 is 6.9x10-5 cm2/Vs. Macrocycle 2 with two TIPS 
units shows a in increment of an order of magnitude respect to 1 (2.5x10-4 
cm2/Vs). Finally, macrocycle 3 shows a photocurrent in the same order of 
macrocycle 2 (1.5x10-4 cm2/Vs). 
 
Figure 2.16. Photoconductivity of macrocycles 1-3. 
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2.5. Conclusions 
The most relevant conclusions of Chapter 1 are summarized: 
A Leigh-type tetralactam macrocycle 1 containing two anthracene as 
donor (D) units and separated by 7.21 Å was selected and synthesized. Based 
on 1, two novel macrocycles 2 and 3 with TIPS units were synthesized 
improving the solubility. Furthermore, these modifications affect their 
cavities, while for 2 with two 2,6-pyridinedicarboxamide units is shorter (7.03 
Å), for 3, with isophtalamide units, is larger (7.52 Å) because of the non-
restriction of intramolecular hydrogen bonds. Macrocycles 1 and 2 are 
organized forming stacks pyridine-anthracene between adjacent molecules. 
Macrocycle 3 organizes in the same way; however, it shows also anthracene-
anthracene stacks. The absorption and emission, both in solution and solid 
state, is characteristic of anthracene. It is noteworthy that in macrocycle 3 a 
large blue-shift was observed due to its structural packing in which 
overlapping anthracene units can be observed. 
These macrocycles 1-3 showed stability under nitrogen, whereas in 
presence of oxygen it was detected the formation of the corresponding 
endoperoxide macrocycles 1*-3*. Furthermore, thermal stability above 400oC 
were observer for all macrocycles under nitrogen. 
It was measured its semiconductor properties by time resolved microwave 
conductivity (TRMC) obtaining a photoconduction of 6.9x10-5 cm2/Vs for 1. 
In the case of 2 and 3 the values obtained were 2.5x10-4 cm2/Vs and      
1.5x10- 4 cm2/Vs, respectively. Both of an order of magnitude greater than for 
the macrocycle 1. 
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2.6. Experimental part 
Synthesis of 5-iodo-isophtalic acid[91] 
 
KMnO4 (21.67 g, 0.14 mol) was added to a suspension of 5-iodo-xylene 
(12 g, 0.06 mol, 8.82 mL) in tert-butanol/H2O (120 mL,1:1). After heating the 
suspension for 1 h at 100oC, another KMnO4 (21.67 g, 0.14 mol) was added. 
The suspension was heated at 100oC for another 20 h and then cooled to rt. 
After filtration over Celite and washing with water, the filtrate was reduced to 
one-third and acidified with conc. HCl. The appearing white precipitate was 
dissolved in saturated NaHCO3 solution and washed three times with 
diisopropylether (100 mL). After further acidification with conc. HCl the white 
precipitate was collected and dried at 80oC overnight (12.8 g, 85%). 
1H NMR (400 MHz, DMSO-d6):  = 13.54 (s, 2H), 8.43 (s, 3H) ppm. 13C NMR 
(126 MHz, DMSO-d6)  = 165.2, 141.4, 133.1, 129.1 and 94.84 ppm. 
Synthesis of 5-((triisopropylsilyl)ethynyl)isophthalic acid 
 
5-iodo-isophthalic acid (200 mg, 19.16 mmol), Pd(PPh3)2Cl2 (555 mg, 0.48 
mmol) and CuI (37 mg, 0.19 mmol) were mixed in a Schlenk flask. The flask 
was pumped under vacuum and refilled with N2 for three times, and then 
DMF (2 mL) and anhydrous triethylamine (4 mL) were added. After 
ethynyltriisopropylsilane (5.24 g, 28.73 mmol) was added and the flask was 
deoxygenated by means of three freeze-pump-thaw cycles. Finally, the 
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mixture was stirred at room temperature for overnight under nitrogen 
atmosphere. The solution was acidified with HClaq 5% and extracted with 
AcOEt. The organic layer was dried over Na2SO4, filtered and the solvent was 
removed under reduced pressure. The mixture was suspended in CHCl3 and 
filtered giving the desired product as a white solid (0.67 g, 57 %). The solid 
was characterized by 1H NMR in DMSO-d6. 
1H NMR (400 MHz, DMSO-d6):  = 13.55 (s, 2H), 8.43 (s, 1H), 8.11 (s, 2H) and 
1.11 (s, 21H) ppm.  
Synthesis of 5-((triisopropylsilyl)ethynyl)isophthaloyl dichloride 
 
Used in the macrocyclization step without any characterization. 
Synthesis of Chelidonic acid[92] 
 
Sodium (5.1 g, 0.21 mol) was dissolved in 250 ml of pure ethanol and to 
this sodium ethoxide solution was added a mixture of 5.9 g (7.5 ml, 0.1 mol) 
of dry acetone and 30.9 g (28.8 ml, 0.21 mol) of diethyl oxalate. During the 
addition of the mixture a yellow precipitate was formed. After the addition, 
the reaction mixture was kept at 60°C for one hour to complete the reaction. 
Then 40 ml of 37% aqueous HCI and 20 ml of water were added, and the 
mixture was stirred at 50°C for one day. The precipitated obtained was filtered 
off, washed with H20 and acetone (13 g, 72 %) and used in the next step 
without further purification. 
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1H NMR (400 MHz, DMSO-d6):  = 6.86 (s, 2H) ppm.  
Synthesis of Chelidamic acid[92] 
 
To a 13.0 g (0.07 mol) of chelidonic acid was added 140 ml of 25% aqueous 
NH3 solution dropwise at 0oC, and the resulting suspension was stirred 
overnight at room temperature (after five hours the suspension became a light 
orange solution). The solution was acidified with 37% aqueous HCl to about 
pH= l. The white crystals were filtered off, washed tree times with ice-cold 
water and dried (12.3 g, 95 %).  
1H NMR (400 MHz, DMSO-d6):  = 7.31 (s, 2H) ppm.  
Synthesis of dimethyl chelidamate[93] 
 
To a suspension of chelidamic acid (12.3 g, 0.07 mol) in MeOH (100 mL) 
was added slowly 3 mL of SOCl2 and heated at reflux for 4 hours. After the 
solvent was removed and the mixture was redissolved in AcOEt and washed 
with NaHCO3 sat. The aqueous phase was acidified until pH=1 with 37% 
aqueous HCl and extracted with AcOEt. The organic phase was dried over 
Na2SO4, filtered and the solvent was removed under pressure. The brownish 
solid was washed with Et2O and was used without further purification (7.50 
g, 52 %). 
1H NMR (400 MHz, CDCl3):  = 7.42 (s, 2H), 4.01 (s, 6H) ppm.  
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Synthesis of 4-bromopyridine-2,6-dicarboxylic acid dimethyl ester[94] 
 
PBr5 (18.3 g, 0.04 mol) and dimethyl 4-oxo-1,4-dihydropyridine-2,6-
dicarboxylate (7.50 g, 0.04 mol) were weighted under N2. After, anhydrous 
CHCl3 (30 mL) was added and the mixture was heated at reflux during 4 h 
under N2. The mixture was cooled down at room temperature and then in 0oC 
bath. Then MeOH (75 mL) was added to the cold mixture slowly and it was 
left in the fridge overnight. The formation of a precipitated was observed. The 
solid was isolated by filtration, washed with MeOH and dried to afford the 
desired product as white crystals (5.30 g, 54 %).  
1H NMR (400 MHz, CDCl3):  = 8.46 (s, 2H), 4.03 (s, 6H) ppm.  
Synthesis of dimethyl 4-((triisopropylsilyl)ethynyl)pyridine-2,6-
dicarboxylate[95] 
 
4-Bromopyridine-2,6-dicarboxylic acid dimethyl ester (1.00 g, 3.64 mmol), 
Pd(PPh3)2Cl2 (159 mg, 0.23 mmol) and CuI (27 mg, 0.15 mmol) were mixed in 
a Schlenk flask. The flask was pumped under vacuum and refilled with N2 for 
three times, and then THF (9 mL) and anhydrous triethylamine (3 mL) were 
added. After, ethynyltriisopropylsilane (0.99 g, 5.47 mmol) was added and the 
flask was deoxygenated by means of three freeze-pump-thaw cycles. Finally 
the mixture was stirred at room temperature overnight under nitrogen 
atmosphere. The solvents were removed under reduced pressure and the 
residue was dissolved again in ethyl acetate and washed with water (x2). The 
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organic phase was dried over anhydrous Na2SO4 and the ethyl acetate was 
removed under reduced pressure. The crued product was purified by 
chromatography over silica gel (hexane/chloroform 9:1). The product was 
obtained as a brown oil (1.32 g, 96 %). 
1H NMR (400 MHz, DMSO-d6):  = 8.28 (s, 2H), 4.03 (s, 6H), 1.14 (s, 3H), 1.13 
(s, 18H) ppm.  
Synthesis of 4-((triisopropylsilyl)ethynyl)pyridine-2,6-dicarboxylic acid 
 
4-((Triisopropylsilyl)ethynyl)pyridine-2,6-dicarboxylate  (1.32 g, 3.50 
mmol) was solved in MeOH (50 mL) and after KOH (0.42 g, 10.5 mmol) was 
added. The solution was stirred overnight and after the solvent was removed 
under reduced pressure. The crude was dissolved the mixture in water, and 
precipitated with HCl conc. The product was extracted with EtOAc, dried over 
Na2SO4, filtered off and finally the solvent was removed under pressure giving 
the desired product (1,08 g, 88 %). 
1H NMR (400 MHz, DMSO-d6):  = 8.09 (s, 2H), 1.12 (s, 3H), 1.11 (s, 18H) 
ppm.  
4-((triisopropylsilyl)ethynyl)pyridine-2,6-dicarbonyl dichloride  
 
Used in the macrocyclization step without any characterization. 
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Synthesis of 9,10-Bis(bromomethyl)anthracene[96] 
 
Anthracene (10.1 g, 0.06 mol) and paraformaldehyde (3,45 g) were 
suspended in acetic acid solution (40 mL) with stirring at room temperature. 
HBr in acetic acid (33% wt, 45 mL) was then added dropwise over 1 h.  The 
reaction was heated to 80oC overnight. After cooling, the precipitate was 
collected by filtration and washed with water and after with methanol. The 
yellow solid obtained was then refluxed in toluene (250 ml) for 1 h. Then it 
was cooled down to room temperature. The solid was filtered, washed with 
toluene and hexane obtaining the desired product (13.6 g, 50 %). 
1H NMR (400 MHz, CDCl3):  = 8.38-8.37 (dd, J=6.8, 4Hz, 4H), 7.69-7.67 (dd, 
J=6.8, 4Hz, 4H), 5.52 (s, 4H) ppm.   
Synthesis of 9,10-Bis(aminomethyl)anthracene[96] 
 
9,10-bis(bromomethyl)anthracene (13.6 g, 0.04 mol) and 
hexamethylenetetramine (13,1 g, 0.10 mol) were mixed in chloroform (500 mL) 
and heated to reflux 48. The mixture was cooled down to room temperature 
and washed with cold EtOH. The yellow solid was suspended on aqueous 
K2CO3 2M, extracted with CHCl3, dried over Na2SO4 and filtered with Alumina. 
Finally, it was triturated with Et2O and filtered (4,84 g, 55%).  
1H NMR (400 MHz, CDCl3):  = 8.45-8.43 (dd, J=6.4, 2.8Hz, 4H), 7.61-7.59 
(dd, J=6.4, 2.8Hz, 4H), 4.87 (s, 4H) ppm.   
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Synthesis of Macrocycles - General procedure 
 
9,10-bis(aminoethyl)anthracene 33 was dissolved in a mixture of 
anhydrous CHCl3 (59 mL) and TEA (1 mL), solution 1 (Table 5). The 
corresponding dichloride acid (23, 30 or 34) was dissolved in anhydrous 
CHCl3, solution 2 (Table 5). Both aliquots were added slowly over 4 h by dual 
syringe pump with stirring into a solution of anhydrous chloroform (120 ml) 
under nitrogen. The reaction mixture was filtered through Celite, the solution 
was reduced under presure and the residue was purified by column 
chromatography using silica gel (1 % MeOH/CHCl3) to afford the 
corresponding macrocycle. After, the product was solved in CH2Cl2 was 
precipitated from EtOH three times. Macrocycles were dried in a vacuum oven 
at 150oC.  
Table 2.5. Solutions quantities for the preparation of macrocycles 1-3 
Macrocycle Solution 1a Solution 2b Yield (%) 
1 330 mg, 0.45 mmol 285 mg, 0.42 mmol 27 
2 194 mg, 0.56 mmol 150 mg, 0.56 mmol 13 
3 212 mg, 0.61 mmol 143 , 0.61 mmol 25 
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Solutions were prepared in anhydrous CHCl3 (60 ml). a) solution of 9,10-
bis(aminoethyl)anthracene with TEA b) solution of the corresponding 
dichloride acid.  
Characterization macrocycle 1[97] 
1H NMR (500 MHz, Cl2CDCDCl2)  = 8.47 (d, J = 7.9 Hz, 2H), 8.24 (dd, J = 
6.5 Hz, J = 3.2 Hz, 8H), 8.12 (t, J = 7.9 Hz, 2H), 7.58 (t, J = 5.4 Hz, 4H), 7.53 
(dd, J = 6.9, 3.1 Hz, 8H), 5.54 (d, J = 5.3 Hz, 8H) ppm. 13C NMR (126 MHz, 
Cl2CDCDCl2)  = 165.76, 151.40, 142.27, 133.24, 132.31, 129.81, 128.85, 
127.19, 39.40 ppm. EM (MALDI-TOF) (m/z): calculated for [M+Na]+ 
C46H34N6O4: 757.253, found: 757.276 
Characterization macrocycle 2 
1H NMR (400 MHz, Cl2CDCDCl2)  = 8.46 (s, 4H), 8.24 (dd, J = 6.9, 3.3 
Hz, 8H), 7.59 – 7.50 (m, 12H), 5.53 (d, J = 5.2 Hz, 8H), 1.16 (s, 36H), 1.15 (s, 
6H) ppm. 13C NMR (126 MHz, Cl2CDCDCl2)  = 163.64, 149.84, 136.27, 
131.51, 130.52, 129.28, 128.14, 125.46, 104.01, 102.32, 37.67, 20.06, 12.52 
ppm. EM (MALDI-TOF) (m/z): calculated for [M+Na]+ C68H74N6O4Si2: 
1117.521 , found: 1117.634. 
Characterization macrocycle 3 
1H NMR (500 MHz, CDCl3)  = 8.40 (s, 4H), 8.26 (dd, J = 6.7, 3.0 Hz, 8H), 
7.53 (dd, J = 6.8, 2.8 Hz, 8H), 7.15 (s, 2H), 6.14 (s, 4H), 5.55 (d, J = 4.4 Hz, 
3H), 1.20 (s, 42H) ppm. 13C NMR (126 MHz, Cl2CDCDCl2)  = 165.76, 135.96, 
134.21, 130.44, 129.48, 127.10, 126.25, 124.66, 120.60, 104.91, 94.57, 
77.50, 77.25, 76.99, 37.59, 29.95, 18.93, 11.53 ppm. EM (MALDI-TOF) 
(m/z): calculated for [M+Na]+ C70H76N4O4Si2: 1115.530, found: 1115.592. 
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Thermal stability in solid state. 
The thermal stability of the solids of macrocycles 1-3 was investigated by 
TGA analysis. All of them showed stability above 400oC under nitrogen (Figure 
2.17). 
 
Figure 2.17. TGA of macrocycles 1-3 under N2. 
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3.1. Introduction 
3.1.1. General description phenazines 
Nitrogen-containing heterocycles as aza-containing -conjugated 
compounds are very attractive due to their fundamental properties and 
technological applications. Substitution with more electronegative atoms in 
the framework, often causes improvement in their solubility and stability 
toward air or moisture. It has been demonstrated the “aza” substitution in 
acenes tunes their semiconductive behaviour from p-type to ambipolar to 
pure n-type depending on the nature of the acene, the number and the 
position of the aza groups.  
 
Phenazine is one of the simplest and azaacenes. Being isoelectronic with 
anthracene it is constituted of three linearly-fused rings, in which the central 
one contains two aza group, namely a pyrazine. The specific characteristics of 
phenazines make them useful elements for the development of new 
supramolecular electronic materials (Figure 3.1).  
 
 
Figure 3.1. Representation of the general structure of the phenazine with the 
different characteristics as a ligand for electronic materials. 
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They are electrochemically active and electron transporting materials. 
Small modifications of the core phenazine structure give rise to a full 
spectrum of colours. The rigid aromatic core can assist self-assembly through 
aromatic interactions and be involved in host-guest reactions allowing 
hydrogen bond and metal complexation due to the imine nitrogen.  
3.1.2. Electronic applications 
The semiconductive properties of phenazine have been known since the 
60’s. The conductivity of the phenazine was measured was in 1961 by S. 
Aftergut and G.P Brown in a disk sandwiched between mercury electrodes.[98] 
For organic semiconductors, one of the most essential transport properties is 
the charge carrier mobility () and the first mobility measurements in pure 
crystals of phenazine dates back to 1974.[99] Time-of-flight (TOF) 
measurement of phenazine crystals showed anisotropic electron mobility 
depending on the direction of the crystals with a maximum value along the 
axis b of 1.1 cm2/Vs (Figure 3.2). 
 
Figure 3.2. Crystal structure of phenazine from the open chemistry data base 
and electron mobility vs. temperature by TOF measurement.[99] 
 
Compounds containing phenazine as core for OFETs were reported by Uwe 
H. F. Bunz et al. in 2014.[100] Two triisopropylsilyl-(TIPS)-alkynylated 
phenazinothiadiazoles derivates were synthesized and employed in OFETs 
showing an average electron mobility of 0.07 cm2V-1s-1 with a proper 
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modulation of current (Figure 3.3). The targets showed appropriate 
interplanar distances between the aromatic rings (from 3.21 to 3.50 Å) and 
head-to-head interactions in the solid state. 
 
Figure 3.3. Triisopropylsilyl-(TIPS)-alkynylated phenazinothiadiazoles 
derivates.[100]  
The relevant properties due to the planar structure of phenazines and the 
fully conjugated aromatic -system imparts to it special optical and redox 
properties.[101] They have been implemented in applications as organic light 
emitting diodes (OLED)and OSCs.[7][8][104] Phenazines also have been included 
in copolymers as acceptor units for photovoltaic and photoluminiscent 
devices.[105]–[108]. Regarding to the slightly basic character of the aza group, 
phenazines present acidochoromic properties and they have also been 
reported as electrochemical sensors and biosensors as well as selective 
sensors for certain metal ions. [109]–[114] 
 
3.1.3. Supramolecular interactions  
Intercalator ligand in biological systems 
Phenazine and its derivatives have been widely studied for many aspects 
such as pharmaceuticals, agrochemicals, pigments and dyes.[115], [116],[117] On 
account of its planarity phenazine core also serves as a strong DNA-
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intercalator thereby exhibiting potent anti-tumor and antimicrobial activity. 
Initial reports were published in 1971 by Hollestein et al. where the 
intercalation of phenazines with double-stranded DNA (Figure 3.4), was 
observed as hypochromic effect and bathocromic shifts in the Uv-Vis 
spectrum. [118] Recent advances have been developed in the use of transition-
metal phenazines in the detection of deficiencies in DNA mismatch and they 
resolved the crystal structure of the metal complex [Ru(bpy)2dppz]2+ (bpy = 
2,2′-bipyridine, dppz = dipyrido[3,2-a:2′,3′-c]phenazine) with DNA shows 
enhanced luminescence in the presence of base mismatches and basic 
sites.[119] 
 
Figure 3.4. Examples of different intercalated phenazines with DNA. 
 
Self-assembly 
Phenazine can be employed as ligands in supramolecular chemistry thank 
to their capability of acting as H-bond acceptors through the aza groups. 
Moreover, the polycyclic aromatic structure can also establish - interaction. 
 
In 2010 Holmes et al. reported a self-assembly supramolecular 
organization of a diaminoethyl phenazine dicarboxamide dihydrochloride 
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dihydrate based on intra/inter molecular hydrogen bond between primary 
ammonium groups and amide oxygen atoms building a 2D network (Figure 
3.5).[25] Other example of self-organization of phenazines was reported in 2015 
by Zujovic et al.[26] They reported the supramolecular organization of 2,3-
phenazinediamine and of 3-aminophenazin-2-ol. Both structures self-
assemble into one-dimensional superstructures by hydrogen bonds between 
the aza group and both the –NH2 and the –OH groups.  A further stabilization 
is given from the strong aromatic interactions between the layers. 
 
Figure 3.5. Supramolecular organization of different phenazines.[25], [26] 
Another example of self-assembly of phenazines was reported by Dong-
Chan Lee. They synthesized asymmetrically substituted phenazines 
containing alcoxy substituents and halogens (F, Cl, Br, and I) where aromatic 
stacking is reinforced also by hydrogen bonding and additional interactions 
like halogen-bonding and Van der Waals interactions (Figure 3.6).[122], [123] 
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Figure 3.6. Example of self-assembly organization of phenazines.[122], [123]  
Metal-organic structures and hydrogen-bonding cocrystals  
N-containing monodentate and bidentate heterocycles like pyridine, 4,4′-
bipyridine, 4,4′-bipyridylethene have been used in the formation of 
superstructures. On one hand coordination with variety of metals have been 
made possible to build clusters, and coordinated polymers.[124]–[128] To the 
other hand other form to control the formation of supramolecular structures 
is the use of organic ligands containing hydrogen bonds ability, where the 
most common are NH and OH. There are multiple attractive combinations of 
complementary ligands for the recognition of phenazines. Assemblies based 
on the carboxylic group are very well-known because of its ability to form 
robust hydrogen bonds with aza compounds (O-HN). The most used are the 
carboxylic acids, from mono carboxylic to hexa carboxylic acids (Figure 
3.7).[129]–[131][132]–[134][135][136][137][138]. Also there are halophenyl boronic acis.[139] 
The use of templates like  tetrahydroxyphenylporphyrin,[140] 
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hydroclorothiazide,[141] cianide have been reported.[142] However, to the best of 
our knowledge the use of amides is not explored yet.[143] 
 
Figure 3.7. Example of ligands based on carboxylic acids groups 
3.1.4. Synthesis 
Phenazines skeleton can be easily modified to obtain complex and 
multifunctional derivatives. The presence of the two aza groups make 
phenazine a weak base and nucleophile but enough reactive to form 
quaternary phenazinium salts. However, the electron-withdrawing character 
of the aza groups influences also the two benzene rings that will be more prone 
to nucleophilic substitution than electrophilic, contrary to the parent acene 
(anthracene). Phenazines are a large class of redox-active secondary 
metabolites produced by bacteria and archaeal and more than 180 derivatives 
have been described in the literature. The limited commercial availability of 
substituted phenazines has prompted the development of different synthetic 
methods from the Wohl-Aue (1901) to the more modern Buchwald-Hartwig 
palladium-catalysed reactions. [144] A huge variety of substituted phenazines 
rings have been reported. In general substitution on the phenazine core are 
introduced on the building blocks prior to the phenazine formation. Next is 
described a short overview of the different methods used from the past until 
the most modern methods for the synthesis of differently decorated 
phenazines (Figure 3.8 and 3.9).  
Classic methods are primarily based on the construction of the central 
heterocyclic ring and suffer from major disadvantages like limited substrate 
scope, harsh reaction conditions, low yields or the requirement of several 
steps rather than one-step synthesis from commercially available starting 
materials. 
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Wohl-Aue: in this procedure anilines and nitrobenzenes form phenazines or 
phenazines-N-oxides upon heating to 200oC in the presence of a strong base. 
Bamberger-Ham: this procedure comprises the reaction of two para-
substituted nitrosobenzenes under acidic conditions to give 2,7-disubstituted 
phenazines-N-oxides in moderate yields via a diphenylhydroxylamine 
intermediate. 
Beirut-reaction: involves condensation of a benzofurazan oxide and, phenols 
to form 5,10-phenazine-di-N-oxides, which can be easily reduced to 
phenazines. This approach offers some advantages compared to the two 
strategies mentioned above like a broader substrate scope and milder reaction 
conditions. 
Condesation: Another early approach to the synthesis of phenazines was the 
condensation of 1,2-benzoquinones, wich can be generated in-situ from 
cathecols in presence of an oxidant, with 1,2-diaminobenzenes.[145] The 
regioselectivity of these type of condensations was controlled by the relative 
fuctional reactivity of the electrophilic dione species and steric effects of the 
nucleophilic amino group. 
Diphenylamine procedure: is one of the most employed strategies for 
phenazine synthesis. In this two step procedure ther is first a aromatic 
nucleophilic substitution of an aniline on a 2-nitrophenyl halide that 
produces a 2-nitrodiphenylamine. The latter upon reductive ring clousure, 
affords the desired phenazine. The reaction conditions depend on the 
substitution pattern of the reagents and include a base or additional 
activation by copper (Ullmann conditions or its variations) when a 2-
haloaniline is used in the first step.[146]–[148] This method was generally high-
yielding exept for very electron-deficient amines or sterically hidered 
anilines.[149], [150] 
Buchwald-Hartwig: The application of transition metals catalysis involves 
an aniline arylation followed by aniline arylative intramolecular 
cyclization.[151]–[153] 
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Figure 3.8. Classic synthetic strategies of phenazines. 
Since the use of Buchwald-Hartwig coupling reaction for the synthesis of 
phenazines have been made tremendous progress in the implementation of 
new strategies concerning metal-catalyzed coupling reactions and C-H 
functionalization. Yu et al. using an environmental friendly aqueous system 
to yield substituted phenazines in moderate to high yields under Cu-
Catalysis.[154] Lian et al. described Rh-catalyzed amination cyclization-
aromatization cascade reaction for the synthesis of phenazines and Laha et 
al achieved the synthesis of various phenazines in good yields via a double 
domino Pd-catalyzed coupling reaction between 1,2-diaminobenzenes and 
1,2-dibromobenzenes.[155],[156]  
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Figure 3.9. Example of modern strategies for the synthesis of phenazines. 
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3.2. Objectives 
In Chapter 2, a series of different phenazines will be synthesized as A 
units. We choose phenazines as a platform based on its structural simplicity. 
They contain a -conjugated system that would lead to efficient intermolecular 
interactions as it was described in the introduction. In addition, this molecule 
can form ordered systems by H-bonding through the acceptor aza nitrogen. 
Furthermore, the electron deficient structures containing aza nitrogen are 
potential n-type semiconductors. 
 
Some modification we will be introduced in the phenazine to tune their 
electronic density and H-bond basicity. The phenazines in the present thesis 
will be classified in 3 main groups (Figure 3.10): 
 
• Unsubstituted phenazines: phenazine 4 will be employed and the 
nitrogen atoms will be oxidized into the more basic mono- and di-N-oxide 
phenazines 5 and 6, respectively.  
• Electron-rich phenazines: substituted phenazine with metoxy groups as 
electron-donating in the positions 2 and 7 with groups would lead to a 
donor-acceptor phenazine 7. Increasing the number of carbon in the lateral 
chain from two carbons to six will increase the solubility for the phenazine 
core 10. Oxidation of phenazine 7 will give structures 9 and 10 with a 
higher H-bond basicity.  
• Electron-deficient: perfluorophenazine 11 was selected as an electron-
deficient phenazine. In addition, tetraazanthracene 12 will be used in order 
to study the influencing of the number of nitrogen. 
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Figure 3.10. Phenazine derivatives synthesized in Chapter 2. 
Then, the optical properties in solution and in solid state will be discussed. 
Furthermore, the stability in solid state by TGA analysis as well as the 
photoconductivity properties by TRMC will be described. 
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3.3. Results and discussion 
3.3.1. Synthesis of phenazines 
In this part, it will be described the synthesis of the different group of 
phenazines, namely, unsubstituted, electron-rich and electron-deficient 
phenazines. 
Unsubstituted phenazines – Group I 
Phenazine 4 is commercially available and it was oxidized following the 
procedure for oxidation of quinoxalines reported in literature (Scheme 3.1).[157] 
A stoichometric amount of m-chloroperoxybenzoic acid (mCPBA) was used to 
obtain phenazine mono-N-oxide (5) and di-N-oxide (6). After purification by 
column chromatography both were recrystalized in EtOH obtaining 5 (28 %) 
and 6 (14 %) as yellow and red needles respectively. 
 
 
 
 
Electron-rich phenazines – Group II 
2,7-dimetoxyphenazine 7 was obtained following a variation of the classic 
Wohl-Aue method.[158] Heating at reflux a mixture of p-anisidine and 4-
nitroanisole in basic media yielded phenazine 7 (Scheme 3.2). Two 
chromatography purifications were needed because of the presence of a lot of 
by products (mono-N-oxide, 7) in the TLC. Finally, phenazine 7 was 
recrystallized in EtOH and obtained as yellow needles.  
Scheme 3.1. Synthetic route of unsubstituted phenazines – Group I 
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2,7-hexyloxyphenazine (8) was obtained in to steps. Demethylation of 
phenazine 7 with hydrobromic and acetic acid result in 2,7-hydroxyphenazine 
(36) (Scheme 3.2). Hexyl chains were introduced by Williamson’s ether 
synthesis. 
Phenazine 7 was oxidized with a stoichiometric amount of mCPBA and the 
objective 2,7-dimetoxyphenazine mono-N-oxide (9) and di-N-oxide (10) were 
obtain in a moderate yield, 62 % and 16 % respectively (Scheme 3.2).  
 
 
 
 
Electron-deficient phenazines – Group III 
Octafluorophenazine (11) was synthesized refluxing a mixture of 
2,3,4,5,6-pentafluoroaniline and lead tetraacetate in benzene. After 
purification by column chromatography was recrystallized in hexane giving 
yellow crystals (Scheme 8).[159] The oxidation of phenazine 11 was attempted. 
First by oxidation with mCPBA. Alternatively, was thought to use harsh 
conditions, phenazine 11 was heated at reflux in presence of H202 in acetic 
acid for one week. The reaction was followed by TLC and no presence of other 
product was observed.  
Scheme 3.2. Synthetic route of electron-rich phenazines – Group II 
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The obtaining of tetraazaanthracene (12) was achieved in two steps 
following the procedure in literature (Scheme 3.3).[160] A cyclo-condensation 
reaction between 2,5-Dihydroxy-p-benzoquinone  and ethylenediamine 
afforded the intermediate 1,2,3,4-tetrahydrotetra-aza-anthracene (37). 
Finally, compound 9 was obtained by oxidation of 37 with active MnO2 in 
refluxing toluene as a modification of the initial reported method.[161] 
 
 
 
3.3.2. Spectroscopic measurements 
Absorption and emission experiments, both in solution and solid state, 
have been carried out for all three groups of phenazines. The effect of 
substituents on its optical spectra and nature of electron distribution will be 
discussed below. 
Unsubstituted phenazines - Group I 
The UV-vis absorption and fluorescence spectra of phenazine 4, 5 and 6 
in solution and in solid state are indicated in Figure 3.11. On the one hand, 
the electronic absorption spectrum of phenazine 4 is characterized by one 
intense band around 364 nm with high and low energy tails that fall into 300 
and 400 nm, respectively. The comparison with the mono-N and di-N oxidized 
phenazines, 5 and 6 respectively, showed a large bathochromic effect. 
Phenazine 5 showed the main absorption of phenazine 4 splitted in two main 
Scheme 3.3. Synthetic route of electron-rich phenazines – Group III 
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bands, the first one at 381 nm and the second with two electronic 
contributions at 399 and 422 nm. Phenazine 6 showed the highest red-shift 
of all three phenazines. Also showed a better electronic resolved pattern band 
in comparison with phenazine 4 with bands at 432, 458, and 488 nm. On the 
other hand, no fluorescence was observed for phenazine 4 in TCE, however 
phenazine 5 and 6 showed. Excitation of phenazine 5 relaxed in two 
fluorescence bands at 442 and 455 nm. Phenazine 6 also showed two main 
bands at 511 and 533 nm, larger red-shifted in comparison phenazine 5. 
UV-vis solid state measurements of phenazines 4, 5 and 6 showed the 
same pattern of the electronic structure in comparison with solution 
experiments showing a slightly bathochromic shift due to aggregation factors 
(Figure 3.11). Also, no fluorescence was observed for phenazine 4 and 6. In 
contrast phenazine 5 maintain the luminescence at 494 nm, highly red-shift 
comparing the measurement in solution. 
 
Figure 3.11. Normalized absorption (solid line) and emission (dashed line) 
spectra of phenazines 4, 5 and 6 at 10-4M (purple) and in solid state (grey). 
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Electron-rich phenazines – Group II 
The electronic profile of 2,7-dimetoxyphenazine 7 and its N-oxy and di-N-
oxy phenazines 9 and 10 respectively are shown in Figure 3.12.  Introduction 
of alkoxy electron-donor groups in the 2 and 7 positions of the phenazine 4 
(group I) splits the absorption spectrum of 4 into two medium intensity 
components, thereby 7 shows their three main bands at 348, 407 and 427 
nm. Mono-oxidation of phenazine 7 increase the bathochromic effect having 
the bands at 402, 426 and 452 nm. Further a red-shift is observed for the di-
N-oxy phenazine 10 with its main bands at 439, 467 and 500 nm.  Regarding 
to the fluorescence all three phenazines showed emission in solution. The 
emission spectrum of 7 displays a main band at 470 nm with a low energy 
shoulder at 480 nm. Phenazine 9 showed its main emission band at 492 and 
phenazine 10 at 533 nm. 
 
 
Figure 3.12. Normalized absorption (solid line) and emission (dashed line) 
spectra of phenazines 8, 9 and 10 at 10-4M (purple) and in solid state (grey).  
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Optical properties in solid state showed a bathochromic effect, both for 
absorption and for emission. It is noteworthy that, the impact on the 
fluorescence is much higher. The emission of 7 showed their main band at 
498 nm, while mono-N-oxy phenazine 9 at 528 nm. Emission of di-N-oxy 
phenazine 10 was quenched (Figure 3.12).  
Electron-defficient phenazines – Group III 
The optical properties of the perfluorinated 11 with fluorine compared 
with phenazine 4 (Group I) (Figure 3.14). In solution, perfluorinated 
phenazine 11 produces an electronic absorption spectrum like 4 with the 
main band red-shifted regarding at 370 nm and two well resolved medium 
intensity absorptions at 395 and 419 nm. In contrast to phenazine 4, 
phenazine 11 shows luminescence with a main band emission around 465 
nm.  
 
Figure 3.14. Normalized absorption (solid line) and emission (dashed line) 
spectra of phenazines 4 and 11 at 10-4M (purple) and in solid state (grey).  
Absorption and emission of phenazine 11 shows the same electronic 
profile than in solution showing a bathochromic effect due to the aggregation 
in solid state. The main band has the absorption at 372 while the two medium 
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intense absorption bands at 398 and 424 nm. The emission appears at 473 
nm shifted 8 nm respect to the solution (Figure 3.14). 
Tetraazanthracene 12 with two aza groups shows the same profile than 
the neutral phenazine 4, where the main absorption band comes up at 357, 
blue-shifted in compared to 4. In contrast tetraazanthracene shows a broad 
emission with two resolved bands at 409 and 434 nm. While the absorption 
of 11 in solid state shows a red-shift, no emission was observed (Figure 3.15). 
 
Figure 3.15. Normalized absorption (solid line) and emission (dashed line) 
spectra of phenazines 2 and 9 at 10-4M (purple) and in solid state (grey).  
 
3.3.3. Photoconductivity measurements 
Charge transport properties of the different phenazines were carried out 
by time resolved microwave conductivity (TRMC). This method makes it 
possible to evaluate the intrinsic charge-transport properties of materials as 
well as anisotropy without attaching electrodes. 
Unsubstituted phenazines - Group I 
In Figure 3.26 is shown the evolution of photoconductivity of phenazines 
in group 1. Phenazine 4 shows a photocurrent of 5.3x10-5 cm2V-1s-1 and it was 
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take as a reference to compare the current obtained respect to the other 
phenazines. The electron-poor phenazine 11, with all the hydrogen replaced 
by fluorine atoms, showed a current of 4.1x10-5 cm2V-1s-1, 22 % less of 
intensity respect to 4. Mono-N-oxyphenazine 5 also showed a decrease of 
current in a 26 % (3.9x10-5 cm2V-1s-1) while di-N-oxyphenazine 6, results in a 
slightly rise of 7% (5.7x10-5 cm2V-1s-1). In the case of tetraazanthracene 12 
the photocurrent is increased 40% having the maxima value of 2.1x10-4 cm2V-
1s-1. 
 
Figure 3.6. Photoconductivity of phenazines in group I and III. 
Electron-rich phenazines – Group II 
In figure 22 is shown the photoconductivity of the phenazines in group 2. 
Introduction electron-donor groups into phenazine core as metoxy groups, 
phenazine 7, the photocurrent is increased in a 13 % (6.01x10-5 cm2V-1s-1) 
respect to phenazine 4. Again, is seen that mono-N-oxydation of 7 reduces 
the current in 32 % (3.61x10-5 cm2V-1s-1) and di-N-oxydation increase in 20% 
(1.10x10-4 cm2V-1s-1), respectively for phenazine 9 and 10. Introduction of 
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hexyloxy chains, phenazine 10, gives a 40 % higher value in comparison with 
phenazines 7 (2.01x10-4 cm2V-1s-1) 
 
Figure 3.7. Photoconductivity of phenazines in group 2. 
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3.4. Conclusions 
The most relevant conclusions in chapter 2 are summarized:  
Different derivatives of phenazines were synthesized and classified in three 
main groups; unsubstituted, electron-rich and electron-deficient phenazines. The 
electronic properties of the phenazines showed different effects depending on the 
substitution of the phenazine.  
Thermal stability was studied to prepare the samples in the study of 
photocurrent by TRMC. Mono-N-oxy phenazines 5 and 9 result in a reduction of 
intensity in comparison with phenazine 4 and 7, respectively. Also, 
pefluorophenazine 11 showed a reduction in the current respect to 2. In contrast 
tetraazanthracene 12 showed increased the photoconductivity a 40% respect to 
the phenazine 4. Hexyloxy phenazine 10 also showed and increment of 40 % 
respect to phenazine 7 
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3.5. Experimental part 
Synthesis and Characterization 
Phenazine (2) [162] 
 
 
Phenazine 2 is commercially available. It was recrystalised three times 
from EtOH. 
1H NMR (500 MHz, Cl2CDCDCl2)  = 8.25 (dd, J = 6.5 Hz, J = 3.5 Hz, 4 H), 
7.84 (dd, J = 6.5 Hz, J = 3.5 Hz, 4 H) ppm. 13C NMR (126 MHz, Cl2CDCDCl2) 
 = 146.65, 133.77, 132.87 ppm. 
Mono-N-Oxy phenazine (5) and di-N-Oxy phenazine (6) 
 
 
mCPBA at 70 % (624 mg, 2.53 mmol) was added to a solution of phenazine 2 
(500 mg, 2.77 mmol) in CHCl3 (20 mL). The solution was stirred overnight at 
room temperature under N2. The orange solution formed was washed with a 
saturated Na2CO3 solution and H2O. The organic phase was dried over 
Na2SO4, filtered and finally the solvent was removed under reduced pressure. 
The mixture obtained was purified by column chromatography 
(CH2Cl2/AcOEt, 9.5:0.5). 5 and 6 were obtained and recrystallized from EtOH 
giving yellow and red needles respectively (139 mg, 28 % and 72 mg, 14 %).  
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5: 
1H NMR (400 MHz, CDCl3):  = 8.70 (d, J = 8.9 Hz, 2H), 8.21 (d, J = 8.6 Hz, 
2H), 7.89-7.79 (m, 2H), 7.79-7.70 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3)  
= 145.66, 135.00, 131.42, 130.57, 130.22, 119.28 ppm. EM (MALDI-TOF) 
(m/z): calculated for [M]+ C12H8N2O: 196.064, found: 196.321. 
6: 
1H NMR (400 MHz, CDCl3):  = 8.74 (dd, J = 6.7, 3.1 Hz, 4H), 7.84 (dd, J = 
6.7, 3.1 Hz, 4H) ppm. 13C NMR (101 MHz, CDCl3)  = 136.22, 131.38, 120.36 
ppm. EM (MALDI-TOF) (m/z): calculated for [M]+ C12H8N2O2: 212.059, found: 
212.391. 
2,7-dimetoxyphenazine (3) 
 
 
p-Anisidine (103 mg, 0.83 mmol), 4-nitroanisole (125 mg, 0.81 mmol) 
and KOH (359 mg, 2.58 mmol) were mixed in toluene (10 ml) and heated to 
reflux overnight. After, the solvent was removed under pressure and the 
residue was redissolved again with CHCl3 and washed with H2O. The organic 
phase was dried over Na2SO4, filtered off and the solvent was removed. Finally, 
the crude was purified by column chromatography two times, the first one 
using silica gel and the second one with alumina (CH2Cl2/AcOEt, 9:1) 
obtaining compound 3 as a yellow solid (66 mg, 27 %). 
1H NMR (500 MHz, Cl2CDCDCl2):  = 8.05 (d, J = 9.4 Hz, 2H), 7.54 – 7.45 (m, 
2H), 7.45 – 7.34 (m, 2H), 4.00 (s, 6H) ppm. 13C NMR (126 MHz, Cl2CDCDCl2) 
 = 163.36, 146.57, 143.60, 133.21, 129.15, 108.25, 59.29 ppm. EM (MALDI-
TOF) (m/z): calculated for [M]+ C14H12N2O2: 240.090, found: 240.536. 
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2,7-dihidroxyphenazine (X) 
 
 
 
2,7-Dimetoxiphenazine (300 mg, 1.24 mmol) was solved in BBr3 (2 ml) 
under N2 atmosphere and heated until reflux overnight. The mixture was 
poured into a bath of ice. After that the mixture was driven to basic pH with 
a concentrated aqueous NaOH solution and finally to a mild acidic pH. A green 
precipitate was observed and filtered off. The aqueous solution was extracted 
with AcOEt until the aqueous phase was colourless. The combined organic 
extract was dried over anhydrous Na2SO4, filtered and the solvent was 
removed under reduced pressure obtaining a green pale solid.  The green 
precipitate and the extracted layer were purified together by column 
chromatography using silica gel (AcOEt/MeOH 0-5%) obtaining an orange 
solid (125 mg, 47 %).  
 
1H NMR (400 MHz, DMSO-d6):  = 10.56 (s, 2H), 8.00 (d, J = 9.3 Hz, 2H), 7.51 
(d, J = 7.6 Hz, 2H), 7.29 (s, 2H) ppm. 
 
2,7-(hexyloxy)phenazine (X) 
 
 
 
2,7-Dyhidroxyphenazine (25 mg, 0.11 mmol) and potassium carbonate (270 
mg, 1.95 mmol) in DMF were degassed by bubbling nitrogen 30 minutes and 
then 1-iodohexane (0.15 mL, 1.01 mmol) was added. The resuting mixture 
was stirred for two days at room temperature and the formation of a yellow 
precipitate was observed. The mixture was solved with CH2Cl2 and the organic 
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layer was washed with water, dried over anhydrous Na2SO4 and the solvent 
was removed under reduced pressure. The product was purified by column 
chromatography using silica gel (Hexane/ CH2Cl2, 6:4) to afford 10 (27 mg, 
60 %). The product was recrystalized from MeOH giving a yellow crystalline 
product. 
1H NMR (500 MHz, Cl2CDCDCl2): d = 8.03 (d, J = 9.4 Hz, 2H), 7.50 (dd, J = 
9.4, 2.0 Hz, 2H), 7.39 (d, J = 2.0 Hz, 2H), 4.15 (t, J = 6.4 Hz, 4H), 2.05 – 1.77 
(m, 4H), 1.51 (m, 2H), 1.37 (m, 4H), 0.92 (s, 6H) ppm. 13C NMR (126 MHz, 
Cl2CDCDCl2) d = 160.09, 143.83, 140.79, 130.30, 126.79, 105.96, 69.30, 
32.09, 29.47, 26.26, 23.18, 14.72 ppm. EM (MALDI-TOF) (m/z): calculated 
for [M]+ C24H32N2O2: 380.246, found: 380.135. 
Mono-N-oxy 2,7-Dimetoxyphenazine (7) and di-N-oxy  2,7-
Dimetoxyphenazine, 5,10-dioxide (8) 
 
 
mCPBA at 70 % (265 mg, 1.07 mmol) was added to a solution of phenazine 3 
(300 mg, 1.24 mmol) in CHCl3 (30 mL). The solution was stirred overnight at 
room temperature under N2. The orange solution formed was washed with a 
saturated Na2CO3 solution and H2O. The organic phase was dried over 
Na2SO4, filtered and finally the solvent was removed under reduced pressure. 
The mixture obtained was purified by column chromatography 
(CH2Cl2/AcOEt, 9.4:0.6). 9 and 10 were obtained and recrystallized from 
EtOH giving yellow and red needles respectively (171 mg, 62 % and 48 mg, 16 
%).  
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7: 
1H NMR (400 MHz, CDCl3):  = 8.59 (d, J = 9.5 Hz, 1H), 8.00 (d, J = 9.4 Hz, 
1H), 7.89 (d, J = 2.4, 1H), 7.46 (dd, J = 9.4, 2.5 Hz, 1H), 7.36-7.43 (m, 2H), 
4.03 (s, 1H), 3.99 (s, 1H) ppm. EM (MALDI-TOF) (m/z): calculated for [M]+ 
C14H12N2O3: 256.084, found: 256.586. 
8: 
1H NMR (400 MHz, CDCl3):  = 8.67 (d, J = 9.7 Hz, 2H), 7.98 (d, J = 1.4 Hz, 
2H), 7.49 (dd, J = 1.4, 9.7 Hz, 2H), 4.08 (s, 6H) ppm. 13C NMR (126 MHz, 
CDCl3)  = 161.88, 136.13, 132.54, 125.75, 121.59, 97.21, 56.61 ppm. EM 
(MALDI-TOF) (m/z): calculated for [M]+ C14H12N2O4: 272.080, found: 272.628. 
 
2,3,4,5,6,7,8,9,10-Octafluorophenazine (4) 
 
 
Lead tetra-acetate (25.0 g, 55 mmol) was added to a solution of 
pentafluoroaniline (5.0 g, 27 mmols) in benzene (150 mL), and the mixture 
was heated under reflux for 1 h. The resulting brown suspension was diluted 
with benzene (250 mL), washed successively with aqueous 50 % acetic acid, 
saturated aqueous sodium hydrogen carbonate, water and dried over MgSO4. 
The reaction mixture was purified by column chromatography using silica gel 
(Hexane/CH2Cl2, 5:5). The desired compound 4 was collected as a third 
fraction and recrystalized in hexane obtaining yellow crystals (500 mg, 11%). 
19F NMR (376 MHz, Cl2CDCDCl2):  = 8.88 (s, 2H), 8.71 (s, 2H), 8.14 (dd, J = 
6.4, 3.2 Hz, 2H), 7.62 (dd, J = 6.4, 3.2 Hz, 2H) ppm. 13C NMR (126 MHz, 
Cl2CDCDCl2)  = 146.34, 139.75, 134.25, 129.01, 128.50, 127.75 ppm. 
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1,2,3,4-tetrahydrotetra-aza-anthracene (X) 
 
 
 
2,5-Dihydroxy-p-bentoquinone (4.7 g) was dissolved in boiling water (300 ml), 
and ethylene-diamine (10 ml) was added. The mixture was heated at 95o for 
1 hour while a stream of air was drawn through it. After cooling, the brownish-
yellow solid was filtered off and twice recrystallized from aqueous ethanol, 
giving the tetrahydrotetra-aza-anthracene (3 g; 50%).  
 
1,4,5,8-Tetra-aza-anthracene (9) 
 
 
 
1H NMR (400 MHz, CDCl3):  = 9.02 (s, 4H), 9.01 (s, 2H) ppm. 13C NMR (101 
MHz, CDCl3)  = 147.19, 141.59, 130.28 ppm. EM (MALDI-TOF) (m/z): 
calculated for [M]+ C10H6N4: 182.059, found: 182.723. 
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Thermal stability in solid state 
The thermal stability of the different phenazines were investigated under 
nitrogen. 
Non-substituted phenazines - Group 1 
The stability of phenazines in group 1 is shown in the Figure 3.8. All shows 
a sharp decrease of weight in the range of 147- 171 depending of the nature 
of the phenazine indicating that sublimation occurs in the process. No 
decomposition was observed. An exception was 10 that remain weight at the 
end of the process. 
 
Figure 3.8. TGA analysis for phenazines in group I under nitrogen. 
Electron-rich phenazines - Group II 
Phenazines in group 2 showed sublimation for phenazine 7 and 8. 
Oxidized phenazines 9 and 10 remain weight until the end of the process. 
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Further stability is observed for phenazine 12 containing bulky substituens 
(Figure 3.9).  
 
 
Figure 3.9. TGA analaysis for phenazines in group 2 under nitrogen. 
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4.1. Introduction 
4.1.1. Mechanically interlocked molecules 
 
Mechanically interlocked molecules (MIMs) are assemblies in which at 
least two molecular components are interlinked, but not chemically joined by 
covalent bonds. These are the basis of some types of the known artificial 
molecular machines and for more than half a century,[13–18] the synthesis of 
these MIMs has been frustrating for many researchers. However, the great 
advances on template-directed synthesis as a powerful means of making 
mechanical bonds, has resulted in the preparation of a variety of MIMs,[19–
25]not only is this unique in terms of topology,[26–28] but has led to their 
integration with polymeric structures,[29–32] surfaces,[33–37] nanoscale 
materials,[38–40] and molecular electronic devices.[41–45] 
 
 Pseudorotaxanes and rotaxanes are a class of MIMs in which a thread is 
encircled by one or more macrocycles (Figure 4.1).[196] The word “Rotaxane” is 
derived from the Latin words “wheel” and “axle”, and describes a compound 
that consists of a linear species (guest or thread), with bulky substituents at 
the ends, and cyclic species (macrocyle or host) bound together in a threaded 
structure by non-covalent forces. When there are no stoppers at the ends of 
the thread, the supramolecular system is called “Pseudorotaxane” where the 
word “Pseudo” means false. Because there are no stoppers, dissociation of the 
complex is easy in solution and the pseudrotaxane is always equilibrated with 
the free molecular components. Changes of solvent, temperature or external 
chemical, electrochemical or photochemical stimuli can control the dynamic 
equilibrium. 
 
Figure 4.1. Illustrated representation of a pseudorotaxane and rotaxane. 
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Generally, the threading of a linear component through the macrocycle is 
driven thermodynamically by noncovalent bonding interactions to create the 
most stable species in solution. Noncovalent bonding interactions including 
donor/acceptor forces, metal/ligand coordination, hydrogen bonding, – 
stacking, solvophobic repulsion, and/or electrostatic forces have all been 
employed to create supramolecular assemblies.[197] 
 
4.1.2. -donor/acceptor pseudorotaxanes 
The introduction of D and A units into the backbone of the macrocycle 
and the thread, respectively, have been used for the formation of stable 
pseudorotaxanes.[197] An early example  was reported by Stoddart et al; an 
electron-rich macrocyclic polyether as a host, bis-p-phenylene[34]crown-10 
(BPP34C10), formed a pseudorotaxane with a paraquat dication as an 
electron-deficient guest (Figure 4.2). This complex can be held together by 
aromatic interactions and by CH···O interactions between the complementary 
units.  
 
Figure 4.2. Example of a -donor/acceptor pseudorotaxane.[197] 
The combination of D and A units can result in a CT complexes where 
them can have entirely different properties from the individual species. [5–7] 
The choice of donor and acceptor and their organization are the most 
important factors determining its electronic properties (Figure 4.3). The 
electronic coupling between the highest occupied molecular orbital (HOMO) 
of the donor and the lowest unoccupied molecular orbital (LUMO) of the 
acceptor molecules yields a partial degree of charge transfer () between the 
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two, which results in a ground state characterized by a partial iconicity, D+A-
, where  is the degree of charge transfer. The ionization potential of the donor 
(ID) and the electron affinity of the acceptor (EA) dictates the magnitude of , 
which in turn is responsible for the new observed properties. 
 
Figure 4.3. The donor band structure (blue), acceptor band structure (red), 
and an approximation of the CT band structure (yellow). Examples of donors 
and acceptor organic molecules.  
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4.2. Objectives 
The obtention of different pseudorotaxanes beteween the macrocycle 1 
and the phenazine derivatives studied in Chapter 1 and 2, respectively. In 
this way obtaining a DAD structure (Figure 4.4). 
 
 
Figure 4.4. Scheme of the objectives in chapter 3. 
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The nature of the encapsuation proces will be studied by NMR with three 
fused aromatic rings varying the number of nitrogens from anthracene, 
acridine to phenazine. Also the effect, thermodinayc stability (Ka) and stability 
with unsubsituted, electron-rich and electron-defficient phenazines will be 
compared. Finally, the optical properties will be studied. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.3. Results and discussion 
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4.3.1. NMR studies of pseudorotaxanes in solution 
 
Initially it was investigated what is the minimum number of nitrogen 
atoms necessary to form quantitatively the pseudorotaxanes. To do this, 
different mixtures 1:1 at the same concentration (5 mM) of macrocycle 1 with 
three structurally correlated aromatic compounds, varying the number of 
nitrogens, (from 0 to 2), were studied. These compounds were anthracene, 
acridine and phenazine (4), resulting in three different mixtures Ant@1, 
Acr@1 and 4@1 (Scheme 4.1).  
  
 
 
 
 
When the mixtures were prepared, immediately a drastic change of colour 
was observed for 2@1 (orange) while ant@1 and acr@1 remained colourless 
and yellow, respectively. (Figure 4.5). The NMR spectra of the 1:1 mixture 
between macrocycle 1 and anthracene, Ant@1, resulted in a superimposable 
spectrum of the individual species at concentrations up to 5.0 mM and 
therefore no measurable interactions were detected (Figure 4.5). Mixture 
acr@1, although no appreciable change of colour was observed, weak 
interactions were distinguishable by NMR. All proton signals were shifted, 
where amidic protons showed the maximum shift (NH=+0.10 ppm). Finally, 
Scheme 4.1. Effect in the number of nitrogen 
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when 1 is compared with the mixture of 2@1 substantial changes consistent 
with encapsulation were observed. Apart from the drastic change of colour, 
all signals in the mixture also were shifted, where again the amidic protons 
showed the maximum deshielding for 2@1 (=+0.94). From these 
experiments is clear that two nitrogens in the opposite sides of the anthracene 
are needed. 
 
 
Figure 4.5. Partial 1H NMR of Macrocycle 1 at 5.0 mM and mixtures 1:1 of 
Ant@1 and Acr@1 and 2@1 at 5.0 mM in TCE-d2. 
Based on these initial observations we performed a series of systematic 
studies of different phenazines and derivatives to gain further information 
about the complexation process. The different phenazines studied are 
classified if four different groups: unsubstituted (group I), electron-rich (group 
II), electron-deficient (group III) and dimeric phenazines (group IV). The 
following scheme X shows the formation of the pseudorotaxanes in solution 
with the different groups of phenazines. Stoichiometric 1:1 solutions at 5 mM 
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in tetrachloroethane-d2 were prepared for all of them. They were prepared 
under inert atmosphere to photo-oxidation reactions with oxygen. All the 
solutions prepared were characterized by NMR and explained in detail 
hereunder 
Encapsulation with Unsubstituted Phenazines (Group I) 
The study by 1H NMR of pseudorotaxane 4@1 is depicted in Figure 4.6 
and compared with a solution of the phenazine 4 and the empty macrocycle 
1. First, downfield shift of the NH protons (NH=+0.94 ppm) can be observed 
compared to macrocycle 1, which is typical for the formation of stronger 
hydrogen bonds between the amides of macrocycle 1 and the sp2 N atoms of 
phenazine 4. This comparison highlights the key relevance of the 
anthracenephenazine replacement to form the encapsulated mixed stacks 
and the preponderance of H bonding over the - stacking. Secondly, the 
protons F and G of phenazine 4 appear shifted upfield (=-0.56 and =-0.49 
ppm, respectively) in the presence of macrocycle 1, because of a shielding 
effect (anisotropy) of the anthracene units of macrocycle 1 over the phenazine 
protons of 4. This is consistent with the encapsulation of phenazine 4 within 
the cavity of 1. Thirdly, the anthracene protons D and E of macrocycle 1 also 
appear shifted upfield (=-0.41 and =-0.35 ppm, respectively) because of 
the shielding effect of phenazine 2 over the anthracene units of macrocycle 1, 
which is also a clear indication of encapsulation. Therefore, NMR experiments 
clearly illustrate the formation of the pseudorotaxane 4@1 in solution.  
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Figure 4.6. Partial 1H NMR of Macrocycle 1, phenazine 4 and a mixture 1:1 
of both, 4@1 at 5.0 mM in TCE-d2. 
 
Figure 4.7 show in detail the comparison of the macrocycle 1 and di-N-
oxyphenazine 5 with a 1:1 mixture of both, 5@1. As expected, the 1H NMR of 
the equimolecular mixture 5@1 changed completely compared with the n-
oxyphenazine 5 and macrocyele 1. Very broaden signals appeared confirming 
that 5 is exchanging from outside to inside macrocycle 1 constantly. The fast 
exchange higher to the timescale detection of NMR, makes that 5@1 appear 
as an average of the complexed and uncomplexed macrocycle 1. This means 
that this concentration is impossible to assign the signals of N-oxyphenazine 
complexed 5@1. Protons D and E regarding to the aromatic system are 
shielded (D= -0.66 and E= -0.57 ppm, respectively). 
- 124 -  Chapter 4 
 
Figure 4.7. Partial 1H NMR of Macrocycle 1, 5 and a mixture 1:1 of both 5@1 
at 5.0 mM in TCE-d2. 
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The comparison of the macrocycle 1 di-N-oxyphenazine 6 and a mixture 
1:1 of both, 6@1 is shown in Figure 4.8. 
 
Figure 4.8. Partial 1H NMR of Macrocycle 1, 6 and a mixture 1:1 of both 6@1 
at 5.0 mM in TCE-d2. 
Solutions of the macrocycle 1 and 1:1 mixtures of 4@1, 5@1 and 6@1 
were compared by 1H NMR. First, a gradient in the coloration of the resulting 
mixtures can be observed depending on the H-bond basicity of the phenazine 
used. 4@1 solution the coloration is orange, 5@1 solution is dark orange and 
6@1 solution is red (Figure 4.9). This change of color is usually related with 
the formation of a charge transfer complex, which will be discussed in more 
detail in the photophysical properties section. Focusing on the 1H NMR 
spectra, the shift of all the signals indicates the interaction between the host 
and the guest as we already shown previously. When the NH protons of all 
- 126 -  Chapter 4 
three mixtures are compared, large shifts for 5@1 (NH=+1.95 ppm) and 6@1 
(NH=+2.19 ppm) are observed than 4@1 (NH=+1.36 ppm). Oxidized 
unsubstituted phenazines increases the H-bond basicity resulting in strong 
complexes. The quantification of the strength will be discussed in the 
association constant section.  
 
Figure 4.9. Partial 1H NMR of Macrocycle 1 at 5.0 mM and mixtures 1:1 of 
4@1 and 5@1 and 6@1 at 5.0 mM in TCE-d2. 
Encapsulation with Electron-Rich Phenazines (Group II) 
Solutions and 1H NMR spectra of macrocycle 1, phenazine 7 and 
pseudorotaxane 7@1 are shown in Figure 4.10. In mixture 7@1 it was 
impossible to assign the signals of phenazine 7 since they are broad, 
indicating a fast-dynamic equilibrium between pseudorotaxane and the free 
species in solution. However, macrocycle 1 signals were also shifted and 
possible to assign. Amidic protons (NH=+1.57 ppm) and the anthracene 
signals D and E were the most affected (D=-0.56 and E=-0.41 ppm).  
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Figure 4.10. Partial 1H NMR of Macrocycle 1, 7 and a mixture 1:1 of both 
8@1 at 5.0 mM in TCE-d2. 
Centring the attention on complex 8@1, the longer chains of the phenazine 
8 promote a slower interconversion between complexed and uncomplexed 
macrocycle 1 compared to 8@1 with two methoxy groups and consequently 
narrow signals were observed in the NMR spectra (Figure 4.11). Every 
pseudorotaxane described until now had shown that their structures are 
symmetrical on the NMR timescale. The two methylene protons (C) would be 
diastereotopic if the macrocycle was rigidly blocked in a chair or a boat 
conformation. However, both protons have the same chemical shift, and they 
are equally coupled to the adjacent NH residue. In contrast, the apparition of 
two methylene signals in pseudorotaxane 8@1 indicates that it is 
preferentially fixed in one conformation. 
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Figure 4.11. Partial 1H NMR of Macrocycle 1, 8 and a mixture 1:1 of both 
8@1 at 5.0 mM in TCE-d2. 
Complexes 7@1 and 8@1 with the electron-rich phenazines 7 and 8 were 
studied and compared with macrocycle 1 (Figure 4.12). From complexes 7@1 
and 8@1 were obtained orange solutions, but more intense in colour 
compared to 4@1 (Group I). Assuming that, a deeper coloration is due to a 
stronger interaction that was confirmed it by 1H NMR. The amidic protons of 
both pseudorotaxanes 7@1 and 8@1 shows a downfield shift (NH=+1.57 and 
NH=+1.78 ppm, respectively), larger than in the case of pseudorotaxane 2@1 
(NH=+1.36 ppm). These observations indicate that the introduction of 
electron-donor groups forms stronger interactions due to the increased H-
bond basicity.  
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Figure 4.12 Partial 1H NMR of Macrocycle 1 at 5.0 mM and mixtures 1:1 of 
7@1 and 8@1 and at 5.0 mM in TCE-d2. 
 
 
Figure 4.13. Partial 1H NMR of Macrocycle 1, 9 and a mixture 1:1 of both 
9@1 at 5.0 mM in TCE-d2. 
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Figure 4.14. Partial 1H NMR of Macrocycle 1, 10 and a mixture 1:1 of both 
10@1 at 5.0 mM in TCE-d2. 
The effect of the oxidation of phenazine 8 in group II is shown in Figure 
4.15. As we already shown, electron-donating groups increase the ability of 
macrocycle 1 to form strong hydrogen bonds. The combination of electron-
donating groups and the presence the N-oxy group(s), with higher H-bond 
basicity than N, reinforces the formation of the complexes, reflected in the 
deshielding of the amidic protons. The highest deshielding is observed for 8@1 
(=+1.57 ppm) followed by 7@1 (=+1.57 ppm) and finally for 3@1 (=+1.57 
ppm).  
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Figure 4.15. Partial 1H-NMR spectra of macrocycle 1 and mixtures 1:1 of 
7@1, 9@1 and 10@1 at room temperature in TCE-d2 at 5mM. 
Encapsulation with Electron-Deficient Phenazines (Group III) 
The study with electron-poor phenazines belonging to group III started 
with phenazine 11. Figure 4.16 shows detailed comparative study of 
macrocycle 1, perfluorophenazine 11 and a mixture 1:1 of both 11@1. In this 
case 1H and 19F NMR experiments were used to follow both, proton and 
fluorine signals. Encapsulation was confirmed again and stronger 
interactions were evidenced for 11@1 than 4@1 (group I). Amidic protons were 
shifted downfield in comparison with the empty macrocycle 1 (NH=+1.42 
ppm). The interaction between the aromatic units, anthracenes and 
perfluorphenazine 11 produced a shielding of protons D and E (D=-0.45 and 
E=-0.33 ppm, respectively) and for fluorine atoms in 19F NMR (F1=-3 and 
F2=-1 ppm, respectively).  
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Figure 4.16. Partial 1H NMR for macrocycle 1 and partial 1H, 19F NMR for 11 
and a mixture 1:1 11@1 at 5.0 mM in TCE-d2. 
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Figure 4.17. Partial 1H NMR of Macrocycle 1, 12 and a mixture 1:1 of both, 
12@1 at 5.0 mM in TCE-d2. 
Comparison of the pseudorotaxanes with the phenazines in group III are 
shown in Figure 4.18. Amidic protons are shifted downfield in comparison 
with the empty macrocycle 1 (NH=+1.36 ppm). This shift is higher for the 
pseudorotaxane 4@1 (NH=+0.94 ppm) with only two hydrogens accepting 
nitrogens. The two additional nitrogens of tetraazanthracene 12 acts as 
electron-withdrawing atoms, enhancing the formation of the pseudorotaxane. 
The shielding effect of tetraazanthracene 12 over the anthracene units of 
macrocycle 1 can also be observed, protons D and E appeared shifted upfield 
(D=-0.61 and E=-0.56 ppm, respectively). It is impossible to see the signals 
of the tetraazaanathracene 9 in the 9@1 mixture due to the fast equilibrium 
interchange compared to the timescale of the NMR. 
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Figure 4.18. Partial 1H NMR of Macrocycle 1 and mixtures 1:1 of both 11@1 
and 12@1 at 5.0 mM in TCE-d2. 
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4.3.2. Control of Stability by 1H NMR 
 
As we saw in chapter 1, acenes are susceptible to form endoperoxides in 
presence of oxygen and light. It is very important to know the stability for 
handling materials to incorporate in electronic devices. In this section, it will 
be discussed the stability of the solutions of the pseudorotaxanes previously 
characterized. The solutions were initially prepared under inert atmosphere 
and then air was allowed to diffuse in. After a 1H NMR was recorded every day 
over one week. Finally, the stability was qualitatively evaluated for all the 
solutions and it was compared with the empty macrocycle that as we saw by 
time it evolved to the formation of the endoperoxyde macrocycle 1*. Methylene 
protons (C) of pseudorotaxanes 4@1-12@1 and macrocycle 1 are depicted in 
Figure 4.19.  
 
Stability with Unsubstituted Phenazines (Group I) 
The evolution of 4@1 shows protons C at X.xx ppm the first day. After the 
third day, the presence of endoperoxide macrocyle (1*) it starts to appear. The 
corresponding methylene prontons (C*) are placed downfield at X.XX ppm. 
Solution 5@1 also shows the presence of 1* after the third day. In contrast 
the mixture 6@1, with the strongest H-bond basic phenazine, is stable at least 
for one week with no signals of endoperoxide macrocycle formation. 
Increasing the H-bond basicity of phenazine 4 because of the oxidation in the 
nitrogen atoms has a positive effect in terms of stability. 
 
Stability with Electron-Rich Phenazines (Group II) 
The evolution 1H NMR of solution 7@1 shows that at the 2nd day it is 
possible to detect traces of 1* and a complete conversion at the 7th day the 
completely conversion of in the solution of 7@1. Almost the same tendency 
was observed for 9@1, after the first day signals of macrocycle 1* were 
observed and after the 6th day only traces of pseudorotaxane 9@1 were 
observed. Solution 10@1 shows higher stability, the presence of 1* was 
observed in the 3th day. After the 4th day the relative intensity between protons 
- 136 -  Chapter 4 
C/C* was kept constant, indicating that the traces of macrocycle in excess at 
the beginning of the experiment. Electron-donating groups accelerates the 
formation of 1*, however, the trend observed with unsubstituted phenazines 
reappears here. The more H-bond basicity of the phenazine, the more stable 
is the formation of the pseudorotaxane. 
The evaluation of the side chain on electron-rich phenazines is shown 
comparing pseudorotaxanes 7@1 and 8@1; both with two donor alkoxy 
groups, methoxy and hexyloxy, respectively. Although both pseudorotaxanes 
are isoelectronic, pseudorotaxane 8@1 showed signals of macrocycle 1* after 
the first day. A complete conversion is shown after the 7th day.  
 
Stability with Electron-Deficient Phenazines (Group III) 
The formation of 1* in solution of 12@1 starts after the first day and still 
remains high quantity at the end of the experiment. In contrast 
pseudorotaxane 11@1 is completely stable during all the experiment. 
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Figure 4.19. Partial 1H NMR of pseudorotaxanes formed with the different 
group of phenazines. C= methylene protons of macrocycle 1 forming 
pseudorotaxanes, C*=methylene protons of macrocycle 1*. 
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4.3.3. Determination of association constants 
 
The formation of a complex between host and guest is a fundamental and 
important process in supramolecular chemistry. The thermodynamic stability 
of a host-guest complex in a given solvent at a given temperature is gauged 
by measurement of the binding constant, Ka. The binding constant must be 
determined for the quantitative analysis of the complex formation. Ignoring 
activity effects, for a general equilibrium, the binding constant is merely the 
equilibrium constant for the reaction shown in Equation 1.1  
 
 
For a 1:1 system: 
 
Because binding constants are thermodynamic parameters, they are related 
to the free energy of the association process according to the Gibbs equation: 
 
 ΔGo –RT ln K.  
 
Where R is the gas constant (8.314 J K-1 mol-1, and T is the temperature 
(Kelvin). Thus, the general affinity of a host for a guest under specific 
conditions (solvent, temperature etc.) may be given either in terms of K or –
ΔGo values. 
 
Initially UV-Vis were recorded at concentrations of 10-4M, but not 
significant changes to estimate the association constants were observed at 
these concentrations. So, the concentrations were increased of one order of 
magnitude, to 2.5x10-3 M, and the titrations were followed by means of 1H 
NMR. Macrocycle 1 was used as a host and phenazines derivatives 4-12 as 
the guest in 1,1,2,2-tetrachloroethane (TCE) at 298 K. We selected this solvent 
because it dissolves well both the macrocycle and the phenazines and because 
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of its low H-bond basicity, so does not interfere in the H-bond formation. 
Despite its toxicity TCE is the solvent of choice for this kind of NMR titration, 
rather than CHCl3 or CH2Cl2, since, thanks to its high boiling point, there is 
almost no evaporation and so the concentration is kept constant along all the 
experiment. Two solutions of each system were prepared, one of macrocycle 
1 at 2.5x10-3 M and one of the phenazines one order of magnitude higher, 
2.5x10-2 M containing the macrocycle at the same concentration of the other 
solution to avoid dilution upon addition of this titrant solution. Aliquots of the 
phenazine solution were added to the solution of macrocycle 1 and each of 
them was analysed by 1H NMR. We added aliquots until the signals were kept 
constant. 
 
Concerning the NMR spectroscopic method, there are two cases suitable 
for the measurement of the Ka in a host-guest complexation equilibrium 
(Figure 4.20). In case 1, the complexation process has a very slow exchange 
rate compared with the NMR time scale and peaks from complexed and 
uncomplexed species can be observed. In this case it is in principle possible 
to determine directly the Ka obtaining the concentration (s) of the species 
involved by integration. In case 2, the complexation equilibrium has a very 
exchange rate compared with the NMR time scale. An average of the chemical 
shift is observed between complexed and uncomplexed specie(s). Then the 
resulting titration curve known as a binding isotherm is the fitted to a 
mathematical model that is derived from the assumed equilibria to obtain the 
Ka. 
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Figure 4.20. Representative NMR of a host-guest complexation equilibrium 
in NMR for the calculation of the final concentration of a complex ([HG]) after 
setting up the initial concentrations of the host ([H]o) and guest ([G]o). Case 1: 
slow exchange rate compared to the NMR time scale, where in eq XX 
a=stoichiometry; n=integration of guest; m=integration of host. Case 2: fast 
exchange rate compared to the NMR time scale, where in eq XX 
a=stoichiometry; n=integration of guest; m=integration of host. 
NMR titrations with macrocycle 1 were carried out with all the different 
phenazines of the different groups. Pseudorotaxanes 4@1, 5@1, 6@1, 7@1 
and 12@1 show a very fast exchange rate compared with NMR time scale. In 
more detail, it is shown the titration of 4@1 (Figure 4.21). Significant shifts 
are observed for all the signals depending on the amount of the phenazine 4 
added. At the end of the titration the signals of the amide protons NH were 
shifted downfield, NH= +1.4 ppm; as expected, since is known that NH 
protons are deshielded when they are hydrogen-bonded. Even the methylene 
protons C are significantly affected by the complexation and they present a 
maxium shielding of C= -0.22 ppm. Other significant changes were observed 
on anthracene protons. External protons E were shielded of E= -0.49 ppm 
maximum and even more influenced were the internal protons D with a 
maximum shielding of D=-0.58 ppm. 
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Figure 4.21. Partial 1H-NMR spectra, with assignments, from the titration of 
macrocycle 1 (4.97 mM) with phenazine 4 (0-19.0 mM) in TCE-d2 at 298 K. 
Binding isotherms were built plotting the change in shift of the different 
hydrogen atoms of macrocycle 1 against the concentration of the phenazine 
added (Figure 4.22). The model used for the fitting included the free host, the 
guest and the 1:1 complex. All plots fitted well to a 1:1 binding model and 
yielded the binding constants Ka listed in Table 4.1(see experimental part for 
all the fittings). The association constants have been extrapolated from the 
binding isotherms calculated with WinEQNMR2 software. From the data 
obtained it was also possible to estimate the free enthalpy of complexation 
(Go) (Equation 1), which affords the complexation energy and some 
information about the thermodynamics of the system. In some cases, not all 
signals could be followed due to problems of overlapping or because the 
signals were broad with low intensity. In the case of pseudorotaxane 4@1 
amidic and phenazine protons were impossible to follow. 
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Figure 4.22 Partial 1H-NMR spectra, with assignments, from the titration of 
macrocycle 1 (2.5 mM) with phenazine 4 (0-11.8 mM) in TCE-d2 at 298 K. 
 
Table 4.1. Association constant values of pseudorotaxane 4@1 (Ka, M-1) and 
free energies of complexation (Go, kJ mol-1) measured in TCE-d2 at 298 K 
determined by 1H-NMR spectroscopic titration. 
Proton Ka  
[M-1] 
Go  
[kJ mol-1] 
Ka  
[M-1] 
Go  
[kJ mol-
1] 
A 3.87  0.08 x 102 -14.7 4.46  0.08 x 102 -15.1 
B 3.99  0.002 x 
102 
-14.8 4.49  0.05 x 102 -15.1 
C 3.87  0.10 x 102 -14.7 4.38  0.08 x 102 -15.0 
D 3.87  0.07 x 102 -14.7 4.50  0.09 x 102 -15.1 
E 3.81  0.05 x 102 -14.7 4.57  0.06 x 102 -15.1 
NH ----- ----- ----- ----- 
Pseudorotaxanes   - 143 - 
In contranst, pseudorotaxanes 8@1, 9@1, 10@1 and 11@1 showed a very 
slow exchange rate compared to the NMR time scale, case 2. As an example, 
is shown 11@1, where only macrocyclic signals could be followed, since 
perfluorophenazine does not possess any hydrogen atom (Figure 4.23). Both, 
the species involved in the equilibrium, the free macrocycle 1 and the 
pseudorotaxane 11@1 are contemporarily observed in the NMR spectra, 
accordingly to the slow exchange at the NMR time scale. Titration was 
monitored registering the relative intensity of all signals. Binding isotherms 
were built plotting the change in concentration of macrocyclic signals in 
pseudorotaxane 11@1 against the concentration of added phenazine (Figure 
4.24). The values of the association constant were listed in Table 4.2. 
 
Figure 4.23. Partial 1H-NMR spectra, with assignments, from the titration of 
macrocycle 1 (2.5 mM) with phenazine 11 (0-12.1 mM) in TCE-d2 at 298 K. 
 
Average 3.88  0.06 x 102  4.48  0.07 x 102  
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Figure 4.24. Partial 1H-NMR spectra, with assignments, from the titration of 
macrocycle 1 (2.5 mM) with phenazine 11 (0-11.8 mM) in TCE-d2 at 298 K. 
 
Table 4.2. Association constant values of pseudorotaxane 11@1 (Ka, M-1) and 
free energies of complexation (Go, kJ mol-1) measured in TCE-d2 at 298 K 
determined by 1H-NMR spectroscopic titration. 
Proton Ka  
[M-1] 
Go  
[kJ mol-1] 
Ka  
[M-1] 
Go  
[kJ mol-1] 
A ----- ----- ----- ----- 
B 5.85  --- x 103 -19.2 5.32  --- x 103 -17.6 
C 1.00  --- x 104 -19.3 2.77  --- x 104 -18.1 
D ----- ----- ----- ----- 
E 3.40  --- x 104 ----- 3.40  --- x 104 ----- 
NH 1.14  --- x 104 ----- 6.70  --- x 103 ----- 
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Average 1.53  --- x 104 -19.1 1.53  --- x 104 -17.8 
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Figure 4.25. Values of association constants (Ka) of pseudortaxanes formed 
between macrocycle 1 and unsubstitued (2, 5 and 6), electron-rich (7, 9 and 
10) and electron-poor (11 and 12) phenazines.  
Table 4.3. Association constant values of pseudorotaxanes (Ka, M-1) and free 
energies of complexation (Go, kJ mol-1) measured in TCE-d2 at 298 K 
determined by 1H-NMR spectroscopic titration. 
 
 
 
 
 
 
 
 
 
 
 
Group Pseudorotaxane Ka [M-1] Go [kJ mol-1] 
I 
4@1 4.18  0.07 x 102 -14.9 
5@1 8.20  0.03 x 103 -22.3 
6@1 8.50  0.02 x 103 -22.4 
II 
7@1 1.80  0.03 x 103 -18.5 
8@1 ----- ----- 
9@1 2.49  xxx x 103 -19.3 
10@1 8.64  xxx x 103 -22.4 
III 
11@1 1.68  xxx x 104 -24.1 
12@1 1.25  0.02 x 104 -23.3 
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4.3.4. Spectroscopic measurements in solution 
 
Pseudorotaxanes with Unsubstituted Phenazines (Group I) 
The absorption spectra of the pseudorotaxanes belonging to the 
phenazines in group I, 4@1, 5@1 and 6@1 can be considered as an overlap of 
the individual species as well as the emission (Figure 4.26). On one hand, 
these pseudorotaxanes shows a characteristic profile of the anthracene rings 
with four vibronic bands corresponding to macrocycle 1. On the other hand, 
the contribution of the phenazines in each mixture appears approximately as 
the half of the intensity respect to the macrocycle 1 due to there are two 
chromophores of anthracene respect one of the phenazine. However, an extra 
band placed on the tail of the absorption spectra of pseudorotaxanes 4@1, 
5@1 and 6@1, with a low molar absorption coefficient, indicates that 
intramolecular interactions take place. We already confirmed by 1H NMR that 
macrocycle 1 can recognize the different phenazines through hydrogen bonds 
between the amides of macrocycle 1 and the sp2 nitrogen’s of the phenazines. 
This encapsulation process is coupled to a drastic change of colour that can 
be associated to the formation of CT complexes. Indeed, because of their 
extended aromatic core, macrocycle 1 can act as electron-rich when 
complexed with flat electron-deficient phenazines 4, 5 and 6. Characterization 
of the CT band it is a difficult task due to the low . Variable temperature 
experiments show isosbestic points confirming the contribution of the 
absorption spectra, not only macrocycle 1 and the corresponding phenazine 
4, 5 or 6 if not the complexes 2@1, 5@1 and 6@1. At low temperatures (243 
K) the complex formation is favoured while at higher temperatures is favoured 
to the individual species. Pseudorotaxane 4@1 shows a CT band at 460 nm, 
while for 5@1 and 6@1 was red shifted at 490 and 520 nm, respectively. 
Photoluminescence studies did not showed information about the 
pseudorotaxane formation. Emission spectra of all three complexes 4@1, 5@1 
and 6@1 showed and overlap of the individual species. 
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Figure 4.26. Top: Individual comparison of the normalized absorption and 
emission spectra of the phenazines in group I (4, 5 and 6), macrocycle 1 and 
the corresponding pseudorotaxanes (4@1, 5@1 and 6@1) of a 10-4 M 1:1 
mixtures at 298K in TCE. Bottom: Absorption as a function of T (from 243 to 
303K) of 1:1 mixtures at 10-4 in TCE (left: 4@1, middle: 5@1 and right: 6@1). 
 
Pseudorotaxanes with Electron-Rich Phenazines (Group II) 
In group II once again the electronic spectrum of an equimolar amount of 
1 with the different phenazines 7, 9 and 10 in tetrachloroethane corresponds 
to the sum of the absorption spectra of the individual components as well as 
a new CT band with a low  (Figure 4.27). For pseudorotaxane 7@1 the band 
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is observed at 470 nm while for 9@1 and 10@1 appears red-shifted at 490 
and 540 nm, respectively.  
Figure 4.27. Top: Individual comparison of the normalized absorption and 
emission spectra of the phenazines in group II (7, 9 and 10), macrocycle 1 
and the corresponding pseudorotaxanes (7@1, 9@1 and 10@1) of a 10-4 M 1:1 
mixtures at 298K in TCE. Bottom: Absorption as a function of T (from 243 to 
303K) of 1:1 mixtures at 10-4 in TCE (left: 7@1, middle: 9@1 and right: 10@1). 
 
Regarding to the emission of 7@1, by exciting on the individual species 
(350 nm) gives rise mainly emission of macrocycle 1 and phenazine 7 (Figure 
4.28). However, a very low broad band located at 600 nm is observed 
corresponding to the exciplex emission. The observation of the exciplex band 
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at 600 nm by exciting the individual components is a result of energy transfer 
to the lowest lying excited state of pseudorotaxane of exciplex nature. By 
lowering the temperature, the exciplex band always increases suggesting that 
conformational fluctuations at room temperature perturb the 7@1 
interactions allowing individual emissions, whereas at low temperature these 
are removed increasing exciplex fluorescence. The same experiments were 
carried out for pseudorotaxanes 9@1 and 10@1. Both have an association 
constant higher than 7@1 that should favour the formation of the exciplex. 
The lack of a new band suggests that the emission of both is quenched. 
Pseudorotaxane 8@1 with hexyloxy chains shows the same behaviour as 7@1. 
 
 
Figure 4.28. Emission as a function of T (from 243 to 303K) of 1:1 mixtures 
at 10-4 in TCE (left: 7@1, middle: 9@1 and right: 10@1) 
 
Pseudorotaxanes with Electron-deficient Phenazines (Group III) 
The comparison of absorption and emission of complexes, 11@1 and 
12@1, formed with phenazines in group III (11 and 12) is shown in Figure 
4.29. Absorption studies shows again a new low and broad band attributed 
to the charge transfer process. While for pseudorotaxane 12@1 is placed at 
460 nm, pseudorotaxane 11@1 shows the CT band highly red-shifted at 580 
nm. The highest degree of charge transfer can explain the further stabilisation 
of electron-deficient phenazines with association constants in the range of 104 
M-1. Absorption spectrum as a function of the temperature shows an 
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enhancement of the pseudorotaxane formation at lowering the temperature of 
both, 11@1 and 12@1.  
 
 
Figure 4.29. Top: Individual comparison of the normalized absorption and 
emission spectra of the phenazines in group III (11 and 12), macrocycle 1 and 
the corresponding pseudorotaxanes 11@1 and 12@1 of a 10-4 M 1:1 mixtures 
at 298K in TCE. Bottom: Absorption as a function of T (from 243 to 303K) of 
1:1 mixtures at 10-4 in TCE (left: 11@1 and right: 12@1). 
 
Photoluminescence studies emission for complex 11@1 only showed 
emission arising from macrocycle 1 and phenazine 11 by exciting selectively 
the macrocycle 1 at 350 nm and the phenazine 11 at 413 nm. In contrast, 
complex 12@1 showed both, emission from macrocycle 1 and pseudorotaxane 
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12@1. Exciting at 480 an emission coming from the exciplex is placed at 625 
nm. 
 
 
Figure 30. Emission as a function of T (from 243 to 303K) of 1:1 mixtures at 
10-4 in TCE (left: 11@1 and right: 12@1). 
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4.4. Conclusions 
The most relevant conclusions in Chapter 3 are summarized: 
A series of pseudorotaxanes formed in solution between macrocycle 1 
containing two anthracene as a donor (D) units (Chapter 1) and phenazines 
as an acceptor (A) units (Chapter 2), were characterized. In this way obtaining 
unit DAD systems. Initially a study was carried out with systems of three 
fused aromatic rings such as anthracene, acridine and phenazine (4). It was 
confirmed by NMR that a minimum of two nitrogens are required as acceptors 
of hydrogen bonds in opposite positions for the formation of this type of 
pseudorotaxanes. Also, was confirmed the encapsulation with all three group 
of phenazines, unsubstituted (4@1-6@1), electron-rich (7@1-10@1) and 
electron-deficient (11@1 and 12@1). Their association constants (Ka) were 
determined by titrations characterized by NMR giving values between              
10-2-10-4 M-1 depending on the nature of the phenazine used. Indeed, electron-
deficient showed the highest values, 11@1 (Ka=1.68x104 M-1) and 12@1 
(Ka=1.25x104 M-1) respect to 4@1 (Ka=4.18x102 M-1 in unsubstituted group I. 
In addition, stable solutions over time were achieved in all three groups, for 
pseudorotaxanes 6@1, 10@1 and 11@1. Finally, electronic communication 
between the anthracene units of macrocycle 1 and the different phenazines 
was demonstrated by absorption, as they showed a charge transfer band due 
to the donor and acceptor capacity of the same. 
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4.5. Experimental part 
Pseudorotaxanes with Unsubstituted phenazines Group I 
4@1 
 
Figure 4.30. 1H-NMR and COSY spectrum of 4@1 (400 MHz, TCE-d2). 
 
 
C 
D 
B 
A 
E a) 
b) 
4@1 
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Figure 4.31. 1H-NMR spectra of 4@1 for seven consecutive days (400 MHz, 
TCE-d2). 
 
Figure 4.32. 1H-NMR spectra, with assignments, from the titration of 
macrocycle 1 (2.5 mM) with phenazine 4 (0-11.8 mM) in TCE-d2 at 298 K. 
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Figure 4.33. The changes in 1H-NMR spectra () of the different protons, 
from the titration of macrocycle 1 (2.5 mM) with phenazine 4 (0-11.8 mM) in 
TCE-d2 at 298 K. 
 
 
Table 4.4. Association constant values of pseudorotaxane 4@1 (Ka, M-1) and 
free energies of complexation (Go, kJ mol-1) measured in TCE-d2 at 298 K 
determined by 1H-NMR spectroscopic titration. 
Proton Ka [M-1] 
Go [kJ mol-
1] 
Ka [M-1] Go [kJ mol-1] 
A 3.87  0.08 x 102 -14.7 
4.46  0.08 x 
102 
-15.1 
B 
3.99  0.002 x 
102 -14.8 
4.49  0.05 x 
102 
-15.1 
C 3.87  0.10 x 102 -14.7 
4.38  0.08 x 
102 
-15.0 
D 3.87  0.07 x 102 -14.7 
4.50  0.09 x 
102 
-15.1 
E 3.81  0.05 x 102 -14.7 
4.57  0.06 x 
102 
-15.1 
NH ----- ----- ----- ----- 
Average 3.88  0.06 x 102  
4.48  0.07 x 
102 
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5@1 
 
Figure 4.34. 1H-NMR and COSY spectrum of 5@1 (400 MHz, TCE-d2). 
 
a) 
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Figure 4.35. 1H-NMR spectra of 5@1 for seven consecutive days (400 MHz, 
TCE-d2). 
 
Figure 4.36. 1H-NMR spectra, with assignments, from the titration of 
macrocycle 1 (2.5 mM) with phenazine 5 (0-11.7 mM) in TCE-d2 at 298 K. 
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Figure 4.37. The changes in 1H-NMR spectra () of the different protons, 
from the titration of macrocycle 1 (2.5 mM) with phenazine 5 (0-11.8 mM) in 
TCE-d2 at 298 K. 
 
Table 4.5. Association constant values of pseudorotaxane 5@1 (Ka, M-1) and 
free energies of complexation (Go, kJ mol-1) measured in TCE-d2 at 298 K 
determined by 1H-NMR spectroscopic titration. 
 
 
 
 
Proton Ka [M-1] Go[kJ mol-1] Ka [M-1] Go [kJ mol-1] 
A 7.75  0.01 x 103 -22.2 8.11  0.02 x 103 -22.3 
B 8.98  0.05 x 103 -22.5 7.88  0.04 x 103 -22.2 
C ----- ----- ----- ----- 
D ----- ----- ----- ----- 
E ----- ----- ----- ----- 
NH ----- ----- ----- ----- 
Average 8.37  0.03 x 103 -22.4 8.00  0.03 x 103 -22.3 
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6@1 
 
Figure 4.38. 1H-NMR and COSY spectrum of 6@1 (400 MHz, TCE-d2). 
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Figure 4.39. 1H-NMR spectra of 6@1 for seven consecutive days (400 MHz, 
TCE-d2). 
 
Figure 4.40. Partial 1H-NMR spectra, with assignments, from the titration of 
macrocycle 1 (2.5 mM) with phenazine 6 (0-12.0 mM) in TCE-d2 at 298 K. 
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Figure 4.41. The changes in 1H-NMR spectra () of the different protons, 
from the titration of macrocycle 1 (2.5 mM) with phenazine 6 (0-12.0mM) in 
TCE-d2 at 298 K. 
 
Table 4.6. Association constant values of pseudorotaxane 6@1 (Ka, M-1) and 
free energies of complexation (Go, kJ mol-1) measured in TCE-d2 at 298 K 
determined by 1H-NMR spectroscopic titration. 
Proton Ka [M-1] Go [kJ mol-
1] 
Ka [M-1] Go [kJ 
mol-1] 
A 8.97  0.02 x 
103 
-22.5 7.98  0.03 x 
103 
-22.2 
B 8.97  0.01 x 
103 
-22.5 8.11  0.03 x 
103 
-22.3 
C ----- ----- ----- ----- 
D ----- ----- ----- ----- 
E ----- ----- ----- ----- 
NH ----- ----- ----- ----- 
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Pseudorotaxanes with Electron-rich phenazines Group II 
7@1 
 
Figure 4.42. 1H-NMR and COSY spectrum of 7@1 (400 MHz, TCE-d2). 
 
Average 8.97  0.02 x 
103 
 8.05  0.03 x 
103 
 
a) 
b) 
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Figure 4.43. 1H-NMR spectra of 7@1 for seven consecutive days (400 MHz, 
TCE-d2). 
 
Figure 4.44. Partial 1H-NMR spectra, with assignments, from the titration of 
macrocycle 1 (2.5 mM) with phenazine 7 (0-11.9 mM) in TCE-d2 at 298 K. 
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Figure 4.45. The changes in 1H-NMR spectra () of the different protons, 
from the titration of macrocycle 1 (2.5 mM) with phenazine 7 (0-11.9mM) in 
TCE-d2 at 298 K. 
 
Table 4.7. Association constant values of pseudorotaxane 7@1 (Ka, M-1) and 
free energies of complexation (Go, kJ mol-1) measured in TCE-d2 at 298 K 
determined by 1H-NMR spectroscopic titration. 
Proton Ka [M-1] Go [kJ mol-
1] 
Ka [M-1] Go [kJ mol-
1] 
A 1.99  0.02 x 
103 
-18.8 1.29  0.01 x 
103 
-17.7 
B 2.32  0.03 x 
103 
-19.2 1.23  0.02 x 
103 
-17.6 
C 2.45  0.05 x 
103 
-19.3 1.52  0.07 x 
103 
-18.1 
D ----- ----- ----- ----- 
E ----- ----- ----- ----- 
NH ----- ----- ----- ----- 
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9@1 
 
Average 2.25 0.03 x 103 -19.1 1.35 0.03 x 
103 
-17.8 
a) 
b) 
A 
A’ 
B’ 
C’ 
D,E 
9@1 
B 
C 
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Figure 4.46. 1H-NMR and COSY spectrum of 9@1 (400 MHz, TCE-d2). 
 
 
 
Figure 4.47. 1H-NMR spectra of 9@1 for seven consecutive days (400 MHz, 
TCE-d2). 
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Figure 4.48. Partial 1H-NMR spectra, with assignments, from the titration of 
macrocycle 1 (2.5 mM) with phenazine 9 (0-12.0 mM) in TCE-d2 at 298 K. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.49. The changes in 1H-NMR spectra () of the different protons, 
from the titration of macrocycle 1 (2.5 mM) with phenazine 9 (0-12.0 mM) in 
TCE-d2 at 298 K. 
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Table 4.8. Association constant values of pseudorotaxane 9@1 (Ka, M-1) and 
free energies of complexation (Go, kJ mol-1) measured in TCE-d2 at 298 K 
determined by 1H-NMR spectroscopic titration. 
 
 
 
 
10@1 
Proton Ka [M-1] Go [kJ mol-1] Ka [M-1] Go [kJ mol-
1] 
A ----- ----- ----- ----- 
B 2.68 x 103 -19.2 2.26 x 103 -19.1 
C 2.49 x 103 -19.3 3.27 x 103 -20.0 
D ----- ----- ----- ----- 
E ----- ----- ----- ----- 
NH 2.24 x 103 -19.1 2.00 x 103 -18.8 
Average 2.47 x 103 -19.3 2.51 x 103 -19.4 
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Figure 4.46. 1H-NMR and COSY spectrum of 10@1 (400 MHz, TCE-d2). 
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Figure 4.47. 1H-NMR spectra of 10@1 for seven consecutive days (400 MHz, 
TCE-d2). 
 
 
Figure 4.48. Partial 1H-NMR spectra, with assignments, from the titration of 
macrocycle 1 (2.5 mM) with phenazine 10 (0-7.96 mM) in TCE-d2 at 298 K. 
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Figure 4.49. The changes in 1H-NMR spectra () of the different protons, 
from the titration of macrocycle 1 (2.5 mM) with phenazine 10 (0-7.96 mM) in 
TCE-d2 at 298 K. 
 
Table 4.9. Association constant values of pseudorotaxane 10@1 (Ka, M-1) and 
free energies of complexation (Go, kJ mol-1) measured in TCE-d2 at 298 K 
determined by 1H-NMR spectroscopic titration. 
 
 
 
 
 
 
 
 
 
 
 
 
Proton Ka [M-1] Go [kJ mol-1] 
A ----- ----- 
B ----- ----- 
C 6.08 x 103 -21.5 
D 1.12 x 104 -23.1 
E  ----- 
NH ----- ----- 
Average 8.64 x 103 -22.4 
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8@1  
 
Figure 4.50. 1H-NMR and COSY spectrum of 8@1 (400 MHz, TCE-d2). 
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Figure 4.51. 1H-NMR spectra of 8@1 for seven consecutive days (400 MHz, 
TCE-d2). 
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Pseudorotaxanes with Electron-deficient phenazines Group III 
4@1 
 
Figure 4.46. 1H-NMR, 19F and COSY spectrum of 11@1 (400 MHz, TCE-d2). 
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Figure 4.51. 1H-NMR spectra of 11@1 for seven consecutive days (400 MHz, 
TCE-d2). 
 
Figure 4.52. Partial 1H-NMR spectra, with assignments, from the titration of 
macrocycle 1 (2.5 mM) with phenazine 11 (0-12.1 mM) in TCE-d2 at 298 K. 
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Figure 4.53. The changes in 1H-NMR spectra () of the different protons, 
from the titration of macrocycle 1 (2.5 mM) with phenazine 11 (0-12.1 mM) in 
TCE-d2 at 298 K. 
 
Table 4.10. Association constant values of pseudorotaxane 11@1 (Ka, M-1) and 
free energies of complexation (Go, kJ mol-1) measured in TCE-d2 at 298 K 
determined by 1H-NMR spectroscopic titration. 
 
 
Proton Ka [M-1] Go [kJ mol-1] Ka [M-1] Go [kJ mol-1] 
A ----- ----- ----- ----- 
B 5.85 x 103 -21.5 5.32 x 103 -21.2 
C 1.00 x 104 -22.8 2.77 x 104 -25.3 
D ----- ----- ----- ----- 
E 3.40 x 104 -25.8 3.40 x 104 -25.8 
NH 1.14 x 104 -23.1 6.70 x 103 -21.8 
Average 1.53 x 104 -23.8 1.84 x 104 -24.3 
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12@1 
 
Figure 4.54. 1H-NMR and COSY spectrum of 12@1 (400 MHz, TCE-d2). 
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Figure 4.55. 1H-NMR spectra of 12@1 for seven consecutive days (400 MHz, 
TCE-d2). 
 
Figure 4.56. Partial 1H-NMR spectra, with assignments, from the titration of 
macrocycle 1 (2.5 mM) with phenazine 12 (0-11.8 mM) in TCE-d2 at 298 K. 
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5.1. Introduction 
In chapter 4 it has been demonstrated the formation of pseudorotaxanes 
4@1-12@1 between macrocycle 1 and the phenazine derivatives in solution. 
In chapter 4 it is going to be investigated the preparation and characterization 
these pseudorotaxanes in solid state.  
Construction of highly ordered molecular materials is required for an 
efficient charge transport among neighboring units for an optimal operation 
of electronic devices.[201] The development of self-assembly phenomena has 
provided new concepts and methodologies for constructing highly ordered and 
functionalized molecules and materials.[2,3] The organisation of organic 
molecules in 1D stack can generate multifunctional materials with 
unprecedented performance.[204] One way to achieve this goal has been to 
develop charge transfer (CT) complexes between electron rich donors (D) and 
electron-deficient acceptors (A) which can self-assemble into highly ordered 
cocrystals in a feasible way. The introduction of CT complexes into structures 
having an induced order as macrocycles could result in the obtaining of well-
defined structures for the application in organic electronics. 
 
5.1.1. D-A complex stacking modes 
In general, D-A systems tend to crystallize in two different binary packing 
motifs. Common binary D-A compounds with a 1:1 stoichiometry is primarily 
divided into mixed-stack (MS) or segregated-stack (SS) systems; (Figure 5.1). 
The main difference between them is that in segregated stacks, the donors, 
D, and acceptors, A, stack in separate columns (…DDD…, …AAA…) because of 
CT interactions, while in mixed stacks D and A occupy alternating positions 
(…DAD…, …DAD…) along the π-π staking direction. These two co-conformations 
exhibit very different emergent physical properties. For example, the co-
crystallisation of electron-rich donors (D) and electro-deficient acceptors (A) 
in segregated stacks can provide materials with metallic conductivity. In 
contrast, the co-crystallisation of D and A in mixed stacks can provide a wider 
spectrum of properties including insulating,1e semiconducting,2 
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ferroelectric,2h, 3 magnetic,4 light-emitting,2c, 2i, 5 and non-linear optical 
properties,6 among other features.2h, 7 
 
 
Figure 5.1. Schematic representations of DA complexes with different 
structural modes. The red and blue rectangles represent the donor and 
acceptor constituents, respectively.  
 
Moreover, while substantial efforts have been dedicated towards obtaining 
either mixed or segregated stacks of D-A with a 1:1 stoichiometry,2b, 2c, 2e-h, 3, 
5a, 6-7 the preparation of co-crystals with higher stoichiometries have received 
much less attention. Examples of other stoichiometries of DA compounds 
(generally 2:1 or 3:1) also exhibit semiconducting properties.[5–7] Nevertheless, 
new properties can emerge from mixed purely organic heterostructures in 
different ratios, as illustrated by work on charge transfer salts with a 2:1 
stoichiometry from which organic superconductivity has emerged.[8,9]  
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5.2. Objectives 
The goal of this chapter is to study the supramolecular organization in 
solid state of the pseudorotaxanes previously obtained. The solid strategy 
shown in Figure 5.2 would allow the obtention 1D columnar mixed-stacks of 
electron-rich donors (D) and electro-deficient acceptors (A) based on 
anthracene with a 2:1 stoichiometry (DADDAD). Through this strategy, a 
phenazine derivative (A) and macrocycle 1 (D) are preassembled in solution 
by a combination of hydrogen bonding and – interactions into a cofacial 
supramolecular complex with a pseudorotaxane architecture. The 
organisation of such pseudorotaxanes in the solid-state would be driven by 
the ionicity of the intrapseudorotaxane – interactions. To study this we are 
going to grow crystals of the pseudorotaxanes and will be characterized by X-
ray crystallography. Furthermore, the steady-state absorption, emission, 
Raman and thermogravimetrical stability will be studied in bulk. Finally, 
photocurrent studies by TRMC will be studied. 
 
Figure 5.2. General strategy to Preassemble macrocycle 1 (DD) and 
phenazine derivatives to provide DAD pseudorotaxane structures in 
···DADDAD··· arrangement.  
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5.3. Results and discussion 
5.3.1. Solid-state structures  
A variety of different cocrystals were obtained as a result of mixing 
different phenazines (4-12) with macrocycle 1. Encapsulation of the different 
phenazines by macrocycle 1 was confirmed after investigation by X-ray 
crystallography of suitable single crystals obtained using liquid-liquid 
diffusion protocol. The cocrystalization conditions and tables of X-ray 
structural data are summarized in the Experimental Section.  
Before to start to describe the structure of the different crystal structures 
of the macrocycle and pseudorotaxanes, some distances and angles will be 
defined. 
Defining parameters in pseudorotaxane units 
Hydrogen bond  
In a hydrogen bond XH···A, the group XH is called the donor and A is 
called the acceptor. In a simple hydrogen bond, the donor interacts with one 
acceptor (Figure 5.3). Since the hydrogen bond has a long range, a donor can 
interact with two and three acceptors simultaneously. Hydrogen bonds with 
more than three acceptors are possible in principle, but are only rarely found 
in practice because they require very high spatial densities of acceptors. 
 
Figure 5.3. Different types of hydrogen bridges. a) Normal hydrogen bond 
with one acceptor. b) Bifurcated hydrogen bond; if the two H···A separations 
are distinctly different, the shorter interaction is called major component, and 
the longer one the minor component of the bifurcated bond. c) Trifurcated 
hydrogen bond. 
The notation of the hydrogen bond distances and the angles is shown in 
Figure 5.4. 
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Figure 5.4. Example of the bifurcated hydrogen bond distances and angles 
for pseudorotaxanes. 
Interlayer distaces 
The phenazines introduced in macrocycle 1 are not perfectly parallel 
between the anthracenes units. For that reason, is not possible to measure 
the distances between the planes of anthracene (Panth1), phenazine (Pphen) and 
anthracene (Panth2). The distances reported will be the distances between 
centroids (dC-C) and also the distances between the centroid and the plane of 
the aromatic core (dC-P) (Figure 5.5) 
 
Figure 5.5. Respresentation of the centroid-centroid distances (dC-C), 
centroid-plane distances (dC-P) and angles centroid-plane (C-P). 
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Pseudorotaxanes with Unsubstituted phenazines (group I) 
The cocrystalization of the phenazine acceptor 4 and the macrocycle donor 
1 is illustrated in Figure 5.6. A close examination of the structure of the 
cocrystal 4@1 indicates that crystallizes in the triclinic space group P-1. The 
pseudorotaxane 4@1 adopts a flattened chair conformation (180o) and shows 
that the four NH residues of the macrocycle 1 form a bifurcated 
intramolecular hydrogen bonds. As expected the N atoms of central pyrazine 
ring of phenazine 4 appear to be hydrogen bonded to the macrocycle (2.54 Å, 
163° and 2.36 Å, 160°) with and additional contribution of the 
intramacrocycle hydrogen bonds between the amides and the pyridinic N 
(2.45 Å, 102° and 2.46 Å, 103°). Also, phenazine 4 is sandwiched between the 
two anthracene units of macrocycle 1 through - interactions, with distances 
in the same range as the interlayer distances in graphite (3.38 Å). The two 
anthracene units are essentially flat, staggered and parallel with distances, 
between one centroid of the anthracene to second anthracene unit, of 6.93 Å, 
and the distances between anthracene centroid-centroid are 7.13 Å. The 
aromatic framework of 4 also is essentially flat but not absolute parallel 
respect to the anthracene unit (planes are twisted 6°). Furthermore, the three 
aromatic moieties of pseudorotaxane 4@1 are staggered with distances of 3.37 
Å between one centroid of the anthracene and the plane of the phenazine 4. 
The supramolecular organization is depicted in Figure 5.7a. Pseudorotaxane 
4@1 pile-up in columns, so the anthracene rings of the adjacent complexes 
sit on one to another through - stacks at d3C-C = 4.01 and Å and d3C-P = 3.51 
Å distances.  
Pseudorotaxane 5@1 crystalizes in an orthorhombic unit cell with a P n a 
21 as space group and adopts a flat chair conformation (174°) (Figure 5.6b). 
Two different pairs bifurcated hydrogen bond are observed, 
NH···Ophen/NH···Npyr (2.14 and 2.21 Å/2.41 Å and 2.44 Å) and 
dNH···Nphen/dNH···Npyr (2.42 and 2.34 Å/2.41 and 2.41 Å). Phenazine 5 is 
warped by macrocycle 1 and the distances measured from the first 
anthracene to the phenazine were d1C-C = 3.55 Å and d1C-P = 3.42 Å while from 
the phenazine to the second anthracene were slightly higher, d2C-C = 3.59 Å 
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and d2C-P = 3.49 Å. The anthracene units and phenazine 5 are placed perfectly 
parallel. 5@1 pile up in columns where the distances between the 
pseudorotaxane units are d3C-C = 3.81 Å and d3C-P = 3.57 Å. These columns 
are arranged in a herringbone disposition between columns (Figure 5.7b). 
The crystal structure of pseudorotaxane 6@1 indicates that crystallizes in 
the triclinic space group P-1 with two conformational isomers of the 
pseudorotaxne (6@1 and 6@1’). Pseudorotaxane 6@1 appears as bent chair 
conformation with two different dihedral angles (142o and 150o, Figure 5.6). 
The NH residues of macrocycle 1 are pointing inside forming hydrogen bonds 
(NH···Ophen) with the di-N-oxy phenazine 6 (dNH···Ophen= 2.20, 2.15, 2.14, 2.13 
Å) and four intramolecular hydrogen bonds (dNH···Npyr= 2.41, 2.39, 2.40, and 
2.38 Å). Phenazine 6 is sandwiched between the two anthracene of macrocycle 
1 with different distances between the first anthracene to the phenazine and 
phenazine to the second anthracene (d1C-C = 3.64 Å, d2C-P = 3.42 Å and d2C-C = 
3.58 Å and d2C-P = 3.42 Å). Pseudorotaxane forms alternate columns of the 
isomers 6@1 and 6@1’ where the interplanar distances between 
pseudorotaxanes units are d3C-C = 3.90 Å and d3C-P = 3.56 Å for 6@1 (Figure 
5.7c).  
Table 5.1. Hydrogen bond distances and angles for pseudorotaxanes 2@1, 
5@1 and 6@1. 
 
 2@1 5@1 6@1 6@1’ 
dNH···N Phenazine (Å) 
 
dNH···O Phenazine (Å) 
2.54/2.36 
2.36/2.54 
2.42/2.34 
 
2.14/2.21 
 
 
2.20/2.15 
2.14/2.13 
 
 
2.03/2.13 
2.10/2.06 
N···H···N Phenazine (deg) 
 
N···H···O Phenazine (deg) 
163.3/160.3 
160.3/163.3 
152.4/159.5 
 
164.2/148.9 
 
 
152.0/167.7 
162.0/162.4 
 
 
160.9/165.9 
171.2/170.0 
dNH···N Pyridine (Å) 
 
2.45/2.46 
2.46/2.45 
2.41/2.41 
2.44/2.41 
2.41/2.39 
2.40/2.38 
2.39/2.40 
2.44/2.40 
N···H···N Pyridine (deg) 
 
102.4/102.7 
102.7/102.4 
102.7/103.2 
103.7/104.1 
103.4/105.0 
104.7/104.7 
104.4/103.7 
102.8/104.2 
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Figure 5.6. Crystal structure of the pseudorotaxanes unit formed with 
unsubstituted phenazines 2@1, 5@1 and 6@1. 
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Figure 5.7. Supramolecular organization of the crystal structures of 4@1, 
5@1 and 6@1. 
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Group 2- Electron-rich phenazines 
Pseudorotaxane 7@1 crystallizes in a similar fashion to 4@1, which 
crystallized in the triclinic space group P1 in a bent chair conformation (130°) 
(Figure 5.8a). Phenazine 7 is encapsulated within the cavity by means of 
hydrogen bonds between the amides of the macrocycle and the N atoms of 
phenazine 7 (dNH···Nphen= 2.45 and 2.34 Å). This configuration still allows 
intramacrocycle hydrogen bonds with the pyridinic N (dNH···Npyr = 2.36 and 
2.35 Å). The hydrogen bonds are shorter in comparison to 4@1, which is 
consistent with the electron-donating methoxy substituents, that increase the 
hydrogen bond basicity of the electron accepting nitrogen in the phenazine. 
In addition, - interactions also contribute to the stabilisation of the 
macrocycle within the cavity as illustrated by d1C-C = 3.54 Å and d1C-P = 3.57 
Å distances from the first anthracene to the phenazine. From the phenazine 
to the second anthracene were essentially the same, d2C-C = 3.54 Å and d2C-P 
= 3.50 Å. The aromatic framework of phenazine 7 in the complex is essentially 
flat, while the anthracene moieties appear to be slightly distorted from 
planarity (12°), as an effect of the underlying methoxy groups of phenazine 7. 
Pseudorotaxane 7@1 also pile-up in slightly slipped 1D columns, in which the 
anthracene rings of adjacent complexes sit one on the other, stacked through 
- interactions with d3C-C = 4.05 Å and d1C-P = 3.45 Å (Figure 5.9a). 
Pseudorotaxane 8@1 has equal electron donor groups to 7@1 but longer 
chain in 2,7 positions of the phenazine. Both pseudorotaxanes crystallizes in 
the same bent chair conformation (136°), in the triclinic space group P-1 
(Figure 5.8b). The similar hydrogen bond distances suggest that, the hydrogen 
bond basicity strength for 8@1 and 7@1 is in the same range (Table XX). 
Furthermore, the - interactions that reinforce the stabilization of the 
pseudorotaxane 8@1 are nearly the same. The distance between the 
anthracene-phenazine centroids are the same, d1C-C = d2C-C = 3.52 Å and the 
perpendicular distances between the anthracene centroid and the phenazine 
plane are d1C-P = 3.40 Å and d2C-P = 3.42 Å. In contrast to 7@1, the 8@1 
phenazine between the two anthracene is almost flat (2°). Like before the 
aromatic framework of phenazine 8 in the complex is essentially flat, while 
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the anthracene moieties appear to be slightly distorted from the planarity (6°) 
but in a less grade than pseudorotaxane 7@1 (12°). The main difference 
between the supramolecular arrange is that while pseudorotaxane 7@1 with 
short alkoxy chains pile-up in slightly slipped 1D columns, pseudorotaxane 
8@1 packs in a herringbone structure in which the planes of the different 
8@1 complexes are perpendicular to one another as the pyridine residue of 
one  pseudorotaxane is -stacked, d3C-C = 3.51 Å and d3C-P = 3.26 Å (Figure 
5.9b). 
Psedurotaxane 10@1 crystallizes in triclinic unit cell with a P-1 as space 
group. Both pyridine rings are bent in the same direction with two different 
angles 169o and 130o, smaller than in the case of pseudorotaxane 6@1 (group 
I). Four hydrogen bond distances are observed between the amides and the 
oxygen of the phenazine 10 (dNH···Ophen= 2.08, 2.13, 2.19 and 2.23 Å) and 
four intramolecular hydrogen bonds with the pyridinic ring of the macrocycle 
are (dNH···Npyr= 2.43, 2.38, 2.48 and 2.39 Å). Phenazine 10 is stabilized into 
the cavity of the macrocycle by - interactions with d1C-P = 3.42 Å and d2C-P = 
3.42 Å. The supramolecular organization of the crystal is shown in the Figure 
8d where it is shown that pseudorotaxane 10@1 pile-up in 1D columns with 
interplanar distances between anthracenes of d3C-C = 4.08 Å and d3C-P = 3.61 
Å 
Table 5.2. Hydrogen bond distances and angles for pseudorotaxanes 7@1, 
8@1, 9@1 and 10@1. 
 
 7@1 8@1 9@1 10@1 
dNH···N Phenazine (Å) 
 
2.34/2.45 
2.45/2.34 
2.35/2.45 
2.45/2.35 
2.07/2.15 
----/2.17 
2.00/1.96 
2.19/2.23 
N···H···N Phenazine (deg) 
 
147.8/148.5 
148.5/147.8 
148.2/153.4 
153.4/148.2 
157.5/157.8 
------/159.2 
167.8/168.9 
164.3/149.9 
dNH···N Pyridine (Å) 
 
2.35/2.36 
2.36/2.35 
2.36/2.36 
2.36/2.36 
2.40/2.47 
---/2.43 
2.36/2.38 
2.48/2.39 
N···H···N Pyridine (deg) 
 
106.2/105.6 
105.6/106.2 
104.0/105.9 
105.9/104.0 
104.6/101.7 
------/103.3 
106.1/105.7 
101.4/103.7 
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Figure 5.8. Crystal structure of the pseudorotaxanes unit formed with 
electron-rich phenazines 7@1, 8@1, 9@1 and 10@1. 
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Figure 5.9. Supramolecular organization of the crystal structure of 
pseudorotaxanes 7@1, 8@1, 9@1 and 10@1. 
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Group 3- Electron-deficient phenazines 
Psedorotaxane 11@1 crystallizes in a bent chair (142°) (Figure 5.10a), with 
a monoclinic unit cell with a space group P21/n. Phenazine 11 again is 
encapsulated within the cavity by means of hydrogen bonds between the 
amides of the macrocycle and the N atoms of phenazine 11 (2.45 and 2.39 Å) 
that still allows intramacrocycle hydrogen bonds with the pyridinic N (2.36 
and 2.35 Å). The hydrogen bond distances are longer in comparison to 4@1 
and 11@1, which is consistent with the electron-withdrawing fluorine 
substituents that decrease the hydrogen bond basicity of the electron 
accepting nitrogen in the phenazine. Phenazine 11 is sandwiched between the 
two anthracene units of macrocycle 1 through - interactions with distances 
between the first anthracene unit and phenazine 11 of d1C-C = 3.43 Å and d1C-
P = 3.35 Å. The distances between phenazine 11 with the second unit of 
anthracene are nearly the same, d2C-C = 3.43 Å and d2C-P = 3.37 Å. The 
aromatic framework of 11 and of the anthracene units are essentially flat. 
While the molecular structure of pseudorotaxane 11@1 is like the other 
pseudorotaxe structures shown before, the packing varies drastically (Figure 
5.11a). The parallel anthracene-phenazine-anthracene stacks of 11@1 pack 
in highly organised herringbone structure in which the planes of the different 
11@1 complexes are perpendicular to one another as the pyridine residue of 
one pseudorotaxane is -stacked to the anthracene moiety of an adjacent 
molecule (d3C-C = 3.61 Å and d3C-P = 3.37 Å, anthracene-pyridine distances) 
The crystal structure of 12@1 shows also a bent chair conformation (141o) 
where the pyridine units are pointing in the same direction (Figure 5.10b). 
Only one ring of the pyrazine unit is hydrogen bond with the same distances 
(2.44 Å) by the NH residues and form intramolecular hydrogen bonds with the 
pyridine unit (2.36 Å). Although the interplanar distances of phenazine 12 
between the two anthracene units of macrocycle 1 are comparable with the 
other pseudorotaxanes (d1C-C= 4.15 Å, d1C-P =3.42 Å and d2C-C = 3.42 Å, d2C-P = 
3.38 Å), the distances between pseudorotaxane units of 12@1 are much 
higher (d3C-C = 7.25 Å and d3C-P = 7.18 Å) (Figure 5.11b). 
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Table 5.3. Hydrogen bond distances and angles for pseudorotaxanes 11@1 
and 12@1. 
 
 
 
 
 
 
 
Figure 5.10. Crystal structure of the pseudorotaxanes unit formed with 
electron-deficient phenazines 11@1 and 12@1. 
 
 
 11@1 12@1 
dNH···N Phenazine (Å) 
 
2.45/2.40 
2.40/2.45 
2.44/2.44 
2.44/2.44 
N···H···N Phenazine (deg) 
 
149.6/152.4 
152.4/149.6 
153.0/153.0 
153.0/153.0 
dNH···N Pyridine (Å) 
 
2.36/2.35 
2.35/2.36 
2.36/2.36 
2.36/2.36 
N···H···N Pyridine (deg) 
 
105.5/105.6 
105.6/105.5 
105.9/105.9 
105.9/105.9 
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Figure 5.11. Supramolecular organization of the crystal structure of 11@1 
and 12@1. 
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5.3.2. Solid-State Uv-Vis Absorption and Emission 
The samples for the optical properties were measured from powder 
obtained from equimolecular solutions of both, macrocycle 1 and phenazines 
4-12, were mixed and stirred under nitrogen until get a homogenous solution. 
After, EtOH was added to the solution until it became turbid and the 
pseudorotaxane formed was allowed to precipitate. The solid obtained was 
centrifugated, washed with EtOH and finally with pentane. 
Table 5.4.  Yields for the pseudorotaxanes 2-10@1 of mixtures 1:1 
macrycocle 1 and phenazines 2-10. 
Pseudorotaxane 4@1 5@1 6@1 7@1 8@1 9@1 10@1 11@1 12@1 
Yield [%] 90 93 48 53 100 78 71 67 97 
 
Electronic absorption measurements in the solid state were carried out to 
get an insight on the nature of the inter pseudorotaxane interactions and 
understand the factors that govern molecular packing. The electronic UV-vis 
absorption, photoluminescence and samples of macrocycle 1 and the different 
phenazines 4-12 was compared with their pseudorotaxanes 4@1-12@1 
formed. The UV-Visible absorption spectrum of the all pseudorotaxanes 4@1-
12@1 show bands that correspond the macrocycle 1 and the phenazine 
compounds, indeed they are the overlapping spectrum of the macrocycle 1 
and the different phenazines 4-12. Furthermore, a very broad CT band with 
a low intensity is observed from the characteristic absorption and the 
associated intense colour of the pseudorotaxane due to the interaction 
between the -electron rich and -electron deficient aromatic rings. However, 
the CT bands are not well resolved in the absorption spectra and 
deconvolution of the bands have been calculated and them are in the 
experimental part. Macrocycle 1 is white-yellowish and, in general, 
phenazines are yellow except of di-N-oxy phenazines 6 and 10, which are red, 
and the tetrazaanthracene 12 that is white. Pseudorotaxanes have a 
completely change of colour in comparison with initial compounds, going from 
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orange to garnet depending on the nature of the phenazine an exception of 
the pseudorotaxane 11@1 that is green dark. This change of colour is related 
with a CT band and it will be shown under the different figures of absorption 
and emission. Below is described in more detail the optical properties of each 
group. 
Pseudorotaxanes with Unsubstituted Phenazines (Group I) 
The electronic absorption spectrum of macrocycle 1 is typical of 
anthracene with four vibrionic bands of the main electronic absorption at 344, 
461, 380, 402 nm. Its main fluorescence emission band appear unresolved 
from 410-600 nm with a max at 458 nm. On the other hand, the electronic 
absorption spectrum of phenazine 4 is characterized by one intense band with 
max at 367 nm and no photoluminescence is observed. The electronic 
absorption profile of pseudorotaxane 4@1 coincides exactly with the sum of 
the absorption profiles of macrocycle 1 and phenazine 4 with four bands at 
342, 363, 380, 402 nm and a very low intense band at 410 nm associated a 
CT band. Furthermore, the main photoluminescence band of 4@1 appears at 
588 nm, highly red-shifted in comparison with macrocycle 1 (130 nm) (Figure 
5.12).  
The absorption mono-N-oxidized phenazine 5 its main absorption band is 
splitted in two main bands, the first one at 385 nm and the second with two 
electronic contributions at 403 and 456 nm. When a sample of compound 5 
is irradiated at 370 nm the photoluminescence obtained was in the red zone 
of the visible spectrum at 493 nm. The absorption profile given for the complex 
5@1 it is shifted to higher wavelengths (4 nm) respect to the last band of the 
phenazine 5. Charge transfer band is not only appreciable for the drastic 
change of colour from white to red, but also is possible to see a very low broad 
band   max= 519 nm in the spectrum of 5@1 (deconvolution spectra in 
experimental part. Again, the main fluorescence band at 650 nm of the 
pseudorotaxane 5@1 is highly red-shifted regards to macrocycle 1 (192 nm).  
After oxidizing completely, the two nitrogens of phenazine 4, phenazine 6 
is obtained with an absorption spectrum with a better resolution of the three 
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main bands 456, 486 and 520 nm, red shifted respect phenazine 4, and its 
photoluminescence is completely quenched.  And the pseudortaxane 6@1 
does not show any signal of luminescence. Respect to its absorption once 
again correspond to the superposition of the absorption of the main 
compounds, 1 and 6, with a charge transfer band at 535 nm. 
 
Figure 5.12. Comparison of normalized absorption (solid line) and emission 
(dashed line) spectra of macrocycle 1, phenazines 4, 5-6 and pseudorotaxanes 
4@1, 5@1 and 6@1.  
Pseudorotaxnes with Electron-Rich Phenazines (Group II) 
Substitution of 4 with dimetoxy groups in 7 splits the absorption 
spectrum of 4 into two medium intensity components at 352 nm and 419/445 
nm, respectively, whereas its fluorescence emission spectrum displays a main 
broad band from 450 to 650 nm with a max at 498 nm. The superimposition 
of the absorption spectra of macrocycle 1 and phenazine 4 matches with the 
absorption profile of pseudorataxane 3@1 with an additional band attributed 
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to a CT band as a shoulder at 490 nm. Once again, the main 
photoluminescence band appears at 566 nm, highly red-shifted in 
comparison with macrocycle 1 (108 nm, pero menos que el pseudorotaxano 
2@1). 
When the length of the alkoxy chain of phenazine 7 is extended from one 
carbon to six, phenazine 10 shows better resolved profile absorption due to 
the longer alkoxy chain could avoid aggregation of the aromatic systems. In 
contrast the comparison of the absorption profiles of pseudorotaxanes 7@1 
and 10@1, which are electronically equivalents, shows the same profile with 
the same charge transfer band at 480 nm. 
 
Figure 5.13. Comparison of normalized absorption (solid line) and emission 
(dashed line) spectra of macrocycle 1, phenazines 7, 8 and pseudorotaxanes 
7@1 and 8@1. 
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The mono oxidation of phenazine 7 results in a red shift of the absorption 
profile of phenazine 9 and the luminescence that shows a broad band ranging 
from 480-670 with a max at 529 nm. The superposition of the absorption 
profile of macrocycle 1 and phenazine 9 once again matches with the 
pseudorotaxane 9@1 with an additional band attributed to a charge transfer 
band (max at 550 nm). 
The fully oxidation of the two nitrogens of phenazine 7 that results in 
phenazine 9 shows a further red shift absorption profile in comparison with 
the mono oxidezed phenzine 8 and again the emission is quenched when the 
two nitrogens of the phenazine are oxidized like phenazine 6. The absorption 
profile of pseudorotaxane 10@1 shows a charge transfer band (max at 537 
nm) as a shoulder of the band that corresponds to less energetic transition of 
phenazine 10. 
 
Figure 5.14. Comparison of normalized absorption (solid line) and emission 
(dashed line) spectra of macrocycle 1, phenazines 9, 10 and pseudorotaxanes 
9@1 and 10@1. 
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Group III- Pseudorotaxanes with Electron-Deficient Phenazines 
The perfluorination of 4 in phenazine 11 produces an electronic 
absorption spectrum similar to that of 4 with the main band red-shifted 
regarding 2 at 372 nm and two well resolved medium intensity absorptions at 
398 and 423 nm. The emission spectrum of 11 is max of 423 nm. The main 
bands of the pseudorotaxane 11@1 are very similar to the superposition 
spectrum of the individual components 1 and 11, however, we observe again 
a weak band at 555 nm. The presence of the new band indicates the formation 
of 11@1, while the charge transfer character band might reveal the 
involvement of a photoinduced electron transfer from macrocycle 1, wich acts 
as the donor, to the perfluorophenazine 11, wich acts as the acceptor. The 
very weak intensity of this band might be caused by the molecular symmetry 
as the charge transfer excitation goes symmetrically from the two donors to 
the center provoking a small variation of the dipolar momentum along the 
excitation. The cancelation effect by symmetry of the donor-acceptor-donor 
coupling leaves almost unaffected the intramolecular excitations. In contrast 
with the bright character of the emissions of the - exciplexes, the charge 
transfer character of the low-energy lying excitation of the 11@1 complex 
completely queneches the fluorescence of the aggregate. 
The absorption and emision profile of compound 12 with two pyrazines 
rings is the same than phenazine 4, both have the max at 362 and 367 
respectively and emission is not observed. When the pseudorotaxane 12@1 is 
compared with its main compounds macrocycle 1 and phenazine 12 it shows 
that the main bands of macrocycle 1 that correspond to the pseudorotaxane 
12@1 are not well resolved as usual and a slightly blue shift of 4 nm is 
observed. A remarkable point is that in that case the charge transfer band 
does not appear as shoulder if not appear at 490 nm (Figure 5.15). 
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Figure 5.15. Comparison of normalized absorption (solid line) and emission 
(dashed line) spectra of macrocycle 1, phenazines 11, 12 and 
pseudorotaxanes 11@1 and 12@1. 
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Table 5.5. Optical properties of pseudorotaxanes in solid state. 
 
 
 
 
 
 
Compound abs / nm em / nm onset / nm Egap 
1 325, 340, 357, 376, 
398 
456 428 2.90 
2 367 ----- 425 2.91 
2@1 342, 363, 380, 402, 
CT? 
458 421 2.94 
3 352, 419, 435, 445 498 474 2.61 
3@1 344, 360, 379, 401, 
435, 490 CT? 
566 550 2.25 
4 354, 372, 398, 423 473 449 2.76 
4@1 344, 361, 380, 402, 
530CT? 
----- 427/510 ? 2.90/2.43 ? 
5 346, 366, 385, 405, 
428 
493 450 2.75 
5@1 344, 361, 382, 402, 
432, 520CT? 
650 467 2.65 
6 456, 486, 520 ----- 566 2.18 
6@1 342, 362, 380, 403, 
456, 486, 510, 
550CT? 
----- 524/635? 2.37/1.95 
7 346, 362, 380, 406, 
437, 462 
529 502 2.47 
7@1 344, 361, 378, 400, 
460, 500CT? 
616 506 2.45 
8 366, 406, 474, 506 ----- 551 2.25 
8@1 344, 361, 380, 402, 
474, 506, 550CT? 
----- 548 2.26 
9 362 ----- 416 2.98 
9@1 362, 377, 398, 
490CT? 
580 421 2.94 
10 330, 350, 390, 408, 
424, 434 
470 461 2.69 
10@1 340, 360, 378, 400, 
430, 480 CT? 
570 550 2.25 
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5.3.3. Raman spectroscopy in solid state 
Figure 5.16 shows the FT-Raman spectra of all complexes together with 
that of the macrocyle 1 and those of the individual phenazines. The 
macrocycle 1 is the common component to all complexes and thus serves us 
as the reference. The Raman spectrum of 1 shown two main bands at 1561.4 
and at 1416.0 cm-1, the former being due to C=C stretching mode [i.e., ν(C=C)] 
of the anthracene moieties and the second arising from the mixing of CC 
stretches and other skeletal modes such as deformation vibrations, etc. It is 
evident that the ν(C=C) frequency should be affected by any interaction upon 
formation of the complexes, and this frequency shift will indicate the degree 
and the nature of the stacking mode; for instance, simple - piling or ground 
electronic state charge polarization (i.e., the so-called charge transfer band, 
CT band, which appears upon photoexcitation and is mostly responsible of 
the color of the samples). In particular, it is reported that the frequency of 
these ν(C=C) modes displays frequency downshift (Δν) upon charge transfer 
from it (electron releasing from the anthracenes), and this will be the Raman 
fingerprint of the electronic interaction mode between the macrocycle 1 and 
the intercalated phenazines.  
The Raman spectra in Figure 5.16 are gathered in two groups, with and 
without 2, 7 alcoxy substitution. For the unsubstituted ones, from the 
smallest to the highest  value, these are: =0 cm-1 on 14@1, =0.6 cm-
1 on 112@1, =1.6 cm.1 on 15@1, =3 cm-1 on 16@1, =6.0 cm-1 on 
111@1. This indicates that intercalation with phenazine 2 and the diazine 
anthracene 12 produces scarce wavefunction overlap between the 
components and the interaction is by long distal - stacking. The inclusion 
of the perfluorophenazine 11 carries out a significant  Raman shift of the 
(C=C) band in consonance with a ground state polarization upon complex 
formation likely consisting of the appearance in 11 of an overall partial 
negative charge (electron acceptor) and an equivalent positive charge shared 
between the two anthracene of the macrocycle (electron-donor). Given that  
scans the changes in the anthracenes of 1, we expect a greater alteration of 
the Raman spectrum of the phenazine 11. For the two strongest Raman bands 
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of 11 at 1491.4 and 1371.4 cm-1 upon formation of 11@1 these appears 
displaced at higher values, at 1495.6 and 1380.0 cm-1   respectively, disclosing 
an opposite  trend in line with this perfluorophenazine acquiring a partial 
negative charge in the complex. 
For the complexes of 1 with the 2,7-alcoxy disubstituted phenazines, 
the spectra pattern scarcely changes in the 1600-1550 spectra region and a 
similar discussion of the  can be done. From the smallest to the highest , 
the values are: =2.0 cm-1 on 17@1 and 18@1, =3.3 cm-1 on 19@1, 
=4.0 cm-1 on 110@1. This indicates that the inclusion of electron-donor 
alkyloxy groups in the phenazine slightly improves the coupling in the ground 
electronic state between the three staked acenes regarding the situation 
without substitution.  
 
Figure 5.16. FT-Raman spectra of all complexes together with that of the 
macrocycle 1 measured in solid state. 
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5.3.4. Time resolved microwave conductivity  
Charge transport properties of the macrocycle 1 and pseudorotaxanes 
4@1-12@1 were carried out by time-resolved microwave conductivity (TRMC). 
This method makes it possible to evaluate the intrinsic charge-transport 
properties of materials as well as anisotropy without attaching electrodes. 
First, we are going to describe the photoconductive properties of the 
pseudorotaxanes formed with the group I and III of phenazines (Figure 5.17). 
The empty macrocycle 1 shows a pseudo-photocurrent maximum, ϕΣμ (ϕ and 
Σμ are the photocarrier-generation yield and the sum of the mobilities of the 
generated charge carriers, respectively) of 6.9x10-5 cm2V-1s-1. Encapsulated 
phenazines with macrocycle 1 shows an increment of the ϕΣμ. 
Psuedorotaxane 4@1 with the neutral phenazine 4 shows a ϕΣμ of 2.1x10-4 
cm2V-1s-1 3 times higher than macrocycle 1. Pseudorotaxane 5@1 where the 
phenazine is mono-N oxidized shows also an increment almost of three times 
than 1, but slightly lower than 4@1. In contrast pseudorotaxane 6@1 where 
de phenazine is double oxidized on the nitrogens shows an increment of 4 
times, greater than in 4@1. Psuedorotaxane 11@1 with the electron-poor 
phenazine 11 results in an almost three times higher than macrocycle 1, but 
slightly inferior than 4@1. The last in the group, 11@1 containing two aza 
groups shows the lowest ϕΣμ in comparison with the other phenazines in the 
group with an increment of 2.3 respect to macrocycle 1. Overall, 
pseudorotaxane structures yield the improvements of ϕΣμ compared with 
those without encapsulation, possibly due to the well-aligned location of the 
included compound and resultant decrease in disorder.  
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Figure 5.17. Pseudo-photoconductivity of phenazines in group I and III. 
In Figure 5.18 is shown the ϕΣμ of the pseudorotaxanes formed with the 
2,7-substituted phenazines in group II, all of them shows again higher ϕΣμ in 
comparison with the bare macrocycle 1. Pseudorotaxane 7@1 with electron-
donor groups into the phenazine core as metoxy groups, phenazine 7, and the 
photocurrent is increased 4 times (2.8x10-4 cm2V-1s-1) respect macrocycle 1. 
Again, is seen that in comparison with the non-oxidized pseudorotaxane 7@1, 
9@1 with mono-N oxidized phenazine 9 is slightly inferior than 7@1 (3.1 times 
higher than 1, 2.2x10-4 cm2V-1s-1) and 10@1 with di-N-oxidized phenazine 10 
increase four times (2.7x10-4 cm2V-1s-1). Introduction of hexyloxy chains, 
pseudorotaxane 8@1 the current is nearly the same with dimetoxy groups 
(7@1) with a value of 2.8x10-4 cm2V-1s-1. 
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Figure 5.18. Pseudo-photoconductivity maxima of phenazines in group 2. 
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Table 5.6. Shows the values of pseudo-photoconductivity maxima of 
macrocycle 1, phenazines 4-12 and pseudorotaxanes 4@1-12@1.  
 
 
 
 
 
 
aThe pseudorotaxanes were annealed at 150oC under vacuum 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Compound ϕΣμ (cm2V-1s-1) Compound ϕΣμa(cm2V-1s-1) 
1  6.9E-05 1 6.9E-05 
4 5.3E-05 4@1 2.1E-04 
7 6.0E-05 7@1 2.8E-04 
11 4.1E-05 11@1 2.0E-04 
5 3.9E-05 5@1 2.1E-04 
6 5.7E-05 6@1 2.8E-04 
9 3.6E-05 9@1 2.2E-04 
10 1.1E-04 10@1 2.7E-04 
12 2.1E-04 12@1 1.6E-04 
8 2.1E-04 8@1 2.8E-04 
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5.4. Conclusions 
Intercalation of different phenazines varying the electronic nature and 
H-bond basicity changes the conformation of the macrocyclic 1 unit. 
Furthermore, the supramolecular organization is controlled by the degree of 
charge transfer and steric factors. In general, pseudorotaxanes pile-up 
forming columnar stacks. As more basic the phenazine is more the degree of 
charge transfer is observed, consequently a bathochromic effect in the charge 
transfer band is observed by the absorption in the solid state. With phenazine 
4 the packing changes drastically in a herringbone structure. Also, phenazine 
10 distorts the piles due to esteric factors. 
Measurements of photoconductivity by TRMC demonstrated that 
introduction phenazines derivatives into the cavity of macrocycle 1 can 
increase the current by a factor of 4. Introduction of electron-donor groups 
have the same effect than di-N-oxidised phenazines showed the higher values. 
Electron-poor phenazine 4 distorts the crystal structure reducing the 
intensity in comparison with the neutral phenazine 2 that forms columns.  
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Experimental part 
Deconvolutions 
Group I- Pseudorotaxanes with Unsubstituted Phenazines 
 
 
Figure 5.19. Solid state UV-Vis electronic absorption spectra measured in 
KBr pellets under N2 atmosphere of 4@1-6@1 (purple line). Individual 
contributions (black line) and CT bands (blue line) obtained by deconvolution, 
fitting to gaussian peaks. 
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Pseudorotaxanes with Electron-Rich Phenazines (Group II) 
 
Figure 5.20. Solid state UV-Vis electronic absorption spectra measured in 
KBr pellets under N2 atmosphere of 7@1 and 8@1 (purple line). Individual 
contributions (black line) and CT bands (blue line) obtained by deconvolution, 
fitting to gaussian peaks. 
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Figure 5.21. Solid state UV-Vis electronic absorption spectra measured in 
KBr pellets under N2 atmosphere of 7@1 and 8@1 (purple line). Individual 
contributions (black line) and CT bands (blue line) obtained by deconvolution, 
fitting to gaussian peaks. 
Pseudorotaxanes with Electron-deficient Phenazines (Group III) 
 
Figure X. Solid state UV-Vis electronic absorption spectra measured in KBr 
pellets under N2 atmosphere of 11@1 and 12@1 (purple line). Individual 
contributions (black line) and CT bands (blue line) obtained by deconvolution, 
fitting to gaussian peaks. 
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6. Organic Thin-Film-
Transistors 
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6.1. Introduction 
A transistor is a semiconductor device used to amplify or switch electronic 
signals and electrical power. In general, an OTFT is composed of three main 
components in a layered structural design. The first are the electrodes, gate 
(G), drain (D) and source (S). The second is the dielectric layer and the last is 
the semiconductor layer. Within the basic OTFT design, there are different 
device configuration where the most used are top contact and bottom contact 
(Figure 6.1). 
 
Figure 6.1. Top and bottom contact OTFT architectures. G= gate,  S= source 
and D= drain. 
When a voltage is applied to the gate (VG), electrons or holes can be 
induced at the semiconductor-dielectric interface. This charge carriers can 
flow from the drain to the source applying a suitable drain to source potential 
(VD). If no gate voltage is applied, the device is found in the off state, since 
ideally there are no mobile charge carriers. On the contrary, when a gate 
voltage is applied, mobile charges are induced, and the transistor is in the on 
state (Figure 6.2). 
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Figure 6.2. Schematic configuration and relevant voltages of the device of 
OTFT.  
The nature of the charge carriers, holes or electrons, accumulated at the 
interface between the dielectric and the semiconductor layers can be 
controlled by the VG applied. In the case of p-type semiconductors the 
application of a negative gate voltage (VG < 0) induces the accumulation of 
holes in the interface that upon application of a negative drain voltage (VD < 
0), results in current circulation along the channel (L) between the source and 
drain electrodes. For n- type semiconductors, a positive gate voltage (VG > 0) 
causes the accumulation of electrons in the interface and a positive drain 
voltage (VD > 0) produces the current circulation. 
There are several significant parameters that determine the applicability 
of an organic transistor that can be extracted from the operation of a 
transistor, the output and the transfer (Figure 6.3). The output curves consist 
of a set of plots of the drain-source current (ID) versus the drain voltage (VD), 
in which each individual curve is measured at a fixed gate voltage (VG). In the 
transfer curves, the drain-source current ID is plotted as a function of VG for 
a constant value of VD. Some of these important factors are the field-effect 
mobility (µ), the threshold voltage (Vt) and the on/off current ratio (Ion/Ioff). 
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Figure 6.3. General operational modes in OTFT. a) Output and b) Transfer. 
Some of these important factors that define a transistor can be extracted 
from the transfer, that are the field-effect mobility (µ), the threshold voltage 
(Vt) and the on/off current ratio (Ion/Ioff). The µ is extracted from the transistor 
performance by Equation (1): 
𝑰𝐃 =
𝑾
𝟐𝑳
𝑪𝐢 µ(𝑽𝐆 − 𝑽𝐭𝐡)
𝟐 
where, ID is the current between the source and drain, W is the channel width 
(the gap between source and drain electrodes, L is channel the length (the 
distance between source and drain electrodes), µ is the field-effect mobility, 
VG is the applied gate voltage, Vth is the threshold voltage and Ci is the 
capacitance of the gate insulator. The Vth is the minimum gate voltage for 
accumulating the charge carriers at the OSC/insulator interface forming a 
conducting path between the source and the drain. It determines the 
switching behaviour of the device from the off-state to the on-state. The Ion/Ioff 
ratio characterizes how much the difference between the on state current and 
off state current.  
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6.2. Objectives 
In chapter 6 will be fabricated and characterized OTFT of the 
pseudorotaxnes 4@1-12@10 characterized in chapter 4 in solution and in 
chapter 5 in solid state. Furthermore, it will be studied the semiconductive 
properties of the empty macrocycle 1 as a reference. 
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6.3. Results and discussion 
6.3.1. Device fabrication and characterization 
Since compounds 2@1-10@1 possess highly order due the piles of 
anthracene-phenazine-anthracene examined by X-ray, it is necessary to 
examine their performances as organic semiconductors. OFET devices based 
on 2@1-10@1 were fabricated by spin-coating the solution of a equimolecular 
mixture of each pseudorotaxane formed and the empty macrocycle 1 as 
reference in a different solvent, concentrations, solution prepared under 
ambient conditions or in inert conditions, substrates of bare SiO2/Si or 
modified with self-assembled monolayer (SAMs) like hexamethyldisilazane 
(HMDS) and octadecyltrichlorosilane (OTS) and electrodes. 
OFET with Macrocycle 1 
Three different OTFT were fabricated and characterized of macrocycle 1 
(conditions are listed in Table 1). Initially it was prepared a solution of 
macrocycle 1 at 2.4 mM in air. Then was spin-coated over the electrodes with 
SiO2 and also with SiO2-HMDS (OFET-1 and OFET-2 respectively) mobility 
was found after the measurements. As we already show, macrocycle 1 forms 
the endoperoxide macrocycle 1* in solution under ambient conditions, so it 
was decided to prepare the solutions under N2 to avoid photo and oxygen 
degradation. However, transistor OFET-3 did not show mobility after the 
characterization. 
Table 6.1. Summary of the conditions used in the fabrication (solvent, 
concentration and substrate) and mobility of the transistors by spin-coating 
of macrocycle 1. 
N0 OFET Material Solvent 
Conc. 
(mM) 
Substrate  (cm2/Vs) 
OFET-1 1 TCE 2.4  SiO2 No mobility 
OFET -2 1 TCE 2.4  HMDS-SiO2 No mobility 
OFET -3 1 CHCl3 5.0  HMDS-SiO2 No mobility 
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All devices were measured under vacuum. 
OFET of Pseudorotaxanes with Unsubstituted phenazines 
For the proper functioning of a transistor it is important that the films 
formed are continuous and homogeneous. Six different methods were used to 
form a proper film onto three different substrates without electrodes for a 
solution of 4@1 prepared in TCE under nitrogen. The morphology of this films 
was analysed by optical microscopy. (Figure 6.4):  
1) Spin-coating: The solution of the pseudorotaxane was deposited in two 
steps, the first one with a spinning rate of 1000 rpm for 20 s and the second 
one at 3000 rpm for 10 s. 
 2) Drop casting: the solution of the pseudorotaxane was deposited with a 
spinning rate of 200 rpm for 10 minutes.  
3) Dip casting: The substrates were dipped into a solution of the 
pseudorotaxane o overnight and finally dried onto a hot plate at 60oC for 10 
minutes.  
4) Dip casting- vapor diffusion: The substrates were dipped into a solution of 
the pseudorotaxane in an atmosphere of methanol overnight.  
5) Spin-coating: The solution at 50oC of the pseudorotaxane was deposited in 
two steps, the first one with a spinning rate of 1000 rpm for 20 s and the 
second one at 3000 rpm for 10 s.   
6) Spin-coating: The solution at 50oC of the pseudorotaxane was deposited in 
two steps while the chuck was spinning, the first one with a spinning rate of 
1000 rpm for 20 s and the second one at 3000 rpm for 10 s. 
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Figure 6.4. Structure of pseudorotaxane 4@1 and films obtained by spin-
coating and dip-casting. 
After analysing the morphology of this films was decided to prepare OFETs 
with the best films obtained for each substrate. However, no mobility was 
found for the thin films (OFET 4-6, Table 6.2). Following the same procedure, 
OFETs for pseudorotaxanes 5@1 and 6@1. 
Table 6.2. Summary of the conditions used in the fabrication (solvent, 
concentration and substrate) and mobility of the transistors by spin-coating 
of pseudorotaxanes 4@1, 5@1 and 6@1. 
N0 OFET 
Material Solvent 
Conc. 
(mM) 
Substrate  (cm2/Vs) 
OFET-4 4@1 TCE 2.4  SiO2 No mobility 
OFET-5 4@1 TCE 2.4  HMDS-SiO2 No mobility 
OFET-6 4@1 TCE 8.2  OTs-SiO2 No mobility 
OFET-12 5@1 CHCl3 3.4 OTs-SiO2 No mobility 
OFET-13 6@1 CHCl3 3.4 SiO2 No mobility 
OFET-14 6@1 CHCl3 3.4  OTs-SiO2 No mobility 
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All devices were measured under vacuum. 
OFET of Pseudorotaxanes with Electron-Rich Phenazines 
As before, different methods were tried to deposit pseudorotaxane 7@1 in 
a SiO2 substrates (Figure 6.5): 
1) Drop casting: the solution of the pseudorotaxane was deposited with a 
spinning rate of 200 rpm for between 10-30 s, second step of 1000 rpm for 20 
s and finally at 3000 rpm for 10 seconds.  
2) Spin-coating: The solution of the pseudorotaxane was deposited in two 
steps while the chuck was spinning, the first one with a spinning rate of 1000 
rpm for 20 s and the second one at 3000 rmp for 10 s.  
3) The solution of the pseudorotaxane was deposited in two steps, the first 
one with a spinning rate of 1000 rpm for 20 s and the second one at 3000 
rmp for 10 s.  
4) Dip casting: The substrates were dipped into a solution of the 
pseudorotaxane and was o evaporated at 40 C until the substrates were 
covered  
5) Dip casting: The substrates were dipped into a solution of the 
pseudorotaxane during o 1h and finally the substrate was placed onto a hot 
plate at 40 C for 10 minutes. 
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Figure 6.5. Structure of pseudorotaxane 7@1 and films obtained by spin-
coating and dip-casting. 
In the case of pseudorotaxane 7@1 only a continuous and homogeneous 
film was obtained by spin-coating, method 3, over a SiO2-OTs. In general, this 
pseudorotaxane formed microcrystals distributed over the SiO2 and SiO2-
HMDS surfaces. An OFET for pseudorotaxane 7@1 was performed although 
no mobility was observed (OFET-7). Also, different transistors for 
pseudorotaxanes 9@1 and 10@1 without any improvement.  
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Table 6.3. Summary of the conditions used in the fabrication (solvent, 
concentration and substrate) and mobility of the transistors by spin-coating 
of pseudorotaxanes 7@1, 8@1, 9@1 and 10@1. 
N0 OFET Material Solvent 
Conc. 
(mM) 
Substrate  (cm2/Vs) 
OFET-7 7@1 TCE 8.2  OTs-SiO2 No mobility 
OFET -15 9@1 CHCl3 10.0 HMDS-SiO2 No mobility 
OFET -16 9@1 CHCl3 10.0 OTs-SiO2 No mobility 
OFET -17 10@1 CHCl3 7.0  HMDS-SiO2 No mobility 
OFET-19 8@1 TCE 8.2  SiO2 4.07x10-7 
P
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OFET-20 8@1 CHCl3 8.2  SiO2 2.01x10-7 
OFET-21 8@1 CHCl3 8.2 HMDS-SiO2 4.80x10-7 
OFET-22 8@1 CHCl3 8.2  HMDS-SiO2 1.56x10-6 
OFET-23 8@1 CHCl3 8.2  HMDS-SiO2 1.53x10-5 
 
Finally, different conditions were tested in transistors made from 8@1 
pseudorotaxane (OFET 19-23) and were found to exhibit typical p-channel 
transistor characteristics. Devices OFET 19 and OFET 20 fabricated in bare 
SiO2/Si in TCE and CHCl3 solutions did not show significantly differences in 
hole mobilities with average values of 4.07x10-7 and 2.01x10-7 cm2/Vs, 
respectively. The modification of the surface with HMDS in devices OFET 21 
and OFET 22 noticed and increasing of an order of magnitude in the mobility, 
in the range from 10-7 to 10-6 cm2/Vs, depending on the time exposure of the 
device during the formation of the HMDS layer. In the case what the device 
was exposed 15 minutes (OFET 22) the average mobility was 1.56x10-6 
cm2/Vs while with 10 minutes of exposition (OFET 21) was 4.80x10-7 cm2/Vs. 
Finally, OFET 23, that was performed in inert conditions with exposure time 
in HMDS of 15 minutes, gave similar values in average than OFET 22, but 
giving the highest value of mobility max = 1.53x10-5 cm2/Vs, Vth = -31, Ion/off = 
6.2x101. Output characteristics were impossible to measure due to shift in 
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the voltage threshold each time in the measure, a representative example of 
all transistors based on 8@1 pseudorotaxane is given in figure X.3. 
 
Figure 6.6. Representative transfer of a transistor based on 8@1 
pseudorotaxane after two consecutive measurements. 
 
OFET of Pseudorotaxanes with Electron-Deficient Phenazines 
Six different methods were tried for the formation of films for 
pseudorotaxane 11@1 (Figure 6.7): 
1) Spin-coating: The solution of the pseudorotaxane was deposited in two 
steps while the chuck was spinning, the first one with a spinning rate of 1000 
rpm for 20 s and the second one at 3000 rpm for 10 s.  
2) Spin-coating: The solution of the pseudorotaxane was deposited in two 
steps, the first one with a spinning rate of 1000 rpm for 20 s and the second 
one at 3000 rpm for 10 s.  
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3) Dip casting: The substrates were dipped into a solution of the 
pseudorotaxane during o 1h and finally the substrate was placed onto a hot 
plate at 40oC for 10 minutes.  
4) Dip casting: The substrates were dipped into a solution of the 
pseudorotaxane and was o evaporated at 40oC until the substrates were 
covered. 
5) Spin-coating: The solution at 50oC of the pseudorotaxane was deposited in 
two steps, the first one with a spinning rate of 1000 rpm for 20 s and the 
second one at 3000 rpm for 10 s.  
6) Spin-coating: The solution at 50oC of the pseudorotaxane was deposited in 
two steps while the chuck was spinning, the first one with a spinning rate of 
1000 rpm for 20 s and the second one at 3000 rpm for 10 s. 
 
Figure 6.7. Structure of pseudorotaxane 11@1 and films obtained by spin-
coating and dip-casting. 
Films of 11@1 formed onto a SiO2, in general showed not continuous films 
with aggregates. However, films deposited onto SiO2-HMDS and SiO2-OTs 
formed a continuous and homogenous films when a solution of 11@1 was 
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previously heated at 50oC. Four transistors based on pseudorotaxane 11@1 
in different conditions were performed to find the best to the optimal device. 
Electron transport behavior was found in the three transistors that worked 
with low electron mobility’s in the range of 10-6-10-7 cm2 V-1 s-1. Only 
transistors spin-coated with a 50oC solution in CHCl3 (OFET 9-11) formed a 
homogeneous and continues film and worked, however films formed at room 
temperature solution tends to form aggregates on the surface of the device 
and it did not worked (OFET-8) (Figure 6.8). 
 
Figure 6.8. Optical images of films obtained by spin-coating of 
pseudorotaxane 11@1 forming a film with a solution at 50oC (left) and at room 
temperature (right).  
The unannealed OFET-9 SiO2/Si modified with HMDS showed a low 
electron mobility average of 2.67  10-7 cm2 V-1 s-1 with a threshold voltage Vth 
= 25.3 V and current on/off ratio = 249 (Figure 6.9, table experimental part 
OFET-9).  Annealed OFET-10 prepared under nitrogen in the same conditions 
of OFET-9 showed an improvement of one order of magnitude in the electron 
mobility average (1.02x10-6 cm2/Vs, see Figure 6.9 and Table experimental 
OFET-10). Finally, transistor modified with OTs (OFET-11, table experimental 
OFET-11) before and after annealing did not exhibit a substantial upgrade in 
the electron transport with an average e= 6.96x10-7 cm2/Vs. 
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Figure 6.9. Representative transfer (a, c) and output (b, d) characteristics of 
thin film OFET (W= 4000, L= 2) based on 11@1 (bottom-contact bottom-gate 
geometry, spin-coating processed onto HMDS-modified Si/SiO2 with a 
solution of 5 mM at 50oC in CHCl3 and measured under vacuum). c) and d) 
prepared under N2 and annealing at 140oC for 15 minutes. 
Finally, a transistor based on pseudorotaxane 12@1 was fabricated (OFET -
18). However, no mobility was found. 
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Table 6.4. Summary of the conditions used in the fabrication (solvent, 
concentration and substrate) and mobility of the transistors by spin-coating 
of pseudorotaxanes 11@1 and 12@1. 
N0 OFET Material Solvent 
Conc. 
(mM) 
Substrate  (cm2/Vs) 
OFET-8 11@1 CHCl3 6.8 HMDS-SiO2 No mobility 
OFET -9 11@1a CHCl3 5.0 HMDS-SiO2 2.6710-7 n
-ty
p
e
 
OFET -10 11@1a CHCl3 5.0 HMDS-SiO2 1.02x10-6 
OFET -11 11@1a CHCl3 8.2 OTs-SiO2 6.96x10-7 
OFET -18 12@1 CHCl3 7.6 HMDS-SiO2 No mobility 
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6.4. Conclusions 
In the present chapter have been studied the formation of films of 
macrocycle 1 and pseudorotaxanes 4@1-12@10 over different dielectric 
surfaces, SiO2, SiO2-HMDS and SiO2-OTs. This highlights the difficulties for 
the formation of homogeneous and continuous films for this type of 
compounds by spin-coating technique and improvement in the solubility is 
required. However, transistors based on 11@1 with electron withdrawing 
fluorine atoms were found to exhibit typical n-channel transistor 
characteristics with a max= 3.01x10-6. In contrast, transistors performed with 
pseudorotaxane 8@1 containing two electron-donating hexyloxy groups 
formed proper films showing typical p-channel characteristics with a max= 
1.53x10-5 cm2/Vs. 
Interestingly, dip-coating technique has shown the formation of micro-
crystalline structures and micro-crystals. Although this type of materials 
showed low mobilities, this fact suggests that them can be implemented in 
single-crystal OFET. 
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6.5. Experimental part 
Table 6.5. Mobility (), voltage threshold (Vth) and current on/off ratio (IOn/Off) 
values of OFET-9 fabricated on 11@1. 
 
 
 
 
 
 
Bottom-contact bottom-gate geometry, spin-coating processed onto HMDS-
modified Si/SiO2 with a solution of 5 mM at 50oC in CHCl3 and measured 
under vacuum. 
Table 6.6. Mobility (), voltage threshold (Vth) and current on/off ratio (IOn/Off) 
values of OFET-10 fabricated on 11@1 measured in two consecutive days. 
OFET-9 11@1     
Electrode W(m) L(m)  (cm2/Vs) Vth (V) IOn/Off  
1 5000 100 ------ ------ ------ 
2 10000 50 ------ ------ ------ 
3 20000 20 3.95E-07 32.5 101 
4 20000 10 2.03E-07 30.0 279 
5 10000 5 ------ ------ ------ 
6 4000 2 2.17E-07 18.3 278 
7 2000 1 2.63E-07 20.5 338 
2.67E-07 25.3 249 
OFET-10 4@1 1st day 2nd day 
Electrode W(m) L(m)  
(cm2/Vs) 
Vth 
(V) 
IOn/Off   
(cm2/Vs) 
Vth 
(V) 
IOn/Off  
1 
5000 100 
------- 
-----
-- 
------- 
------- 
-----
-- 
------- 
2 
10000 50 
------- 
-----
-- 
------- 
------- 
-----
-- 
------- 
3 20000 20 4.57x10-8 19.0 2.6x101 4.17x10-8 22.0 2.3x101 
4 20000 10 1.30x10-7 7.33 2.7x102 1.17x10-7 7.00 2.9x102 
5 10000 5 ------- 
-----
-- 
------- 
8.91x10-8 
8.33 1.6x102 
6 4000 2 5.58x10-7 7.00 2.1x103 5.05x10-7 2.17 1.0x103 
7 2000 1 3.01x10-6 6.17 1.0x103 2.59x10-6 10.0 8.3x102 
   1.02x10-6 3.29 8.72x102 6.69x10-7 5.90 4.6x102 
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Bottom-contact bottom-gate geometry, spin-coating processed onto HMDS-
modified Si/SiO2 with a solution of 5 mM at 50oC prepared under N2 in CHCl3 
and measured under vacuum. Annealing at 140oC for 15 minutes. 
Table 6.7. Mobility (), voltage threshold (Vth) and current on/off ratio (IOn/Off) 
values of OFET-11 fabricated on 11@1 before and after annealing at 100oC. 
OFET-11 11@1  Annealing 100oC 
Electrode W(m) L(m)  
(cm2/Vs) 
Vth 
(V) 
IOn/Off    
(cm2/Vs) 
Vth 
(V) 
IOn/Off  
1 5000 10 1.95x10-7 20 70 ------- ------- ------- 
2 5000 20 2.15x10-7 35 151 6.22x10-7 34 3.8x101 
3 5000 30 7.60x10-7 36 17 ------- ------- ------- 
4 5000 40 1.61x10-6 41 509 6.32x10-7 45 1.4x101 
5 5000 50 ------- ------- ------- 5.81x10-7 40 1.8x101 
6 10000 20 ------- ------- ------- 4.50x10-7 19 6.8x102 
7 10000 30 ------- ------- ------- 1.63x10-6 32 2.0x102 
8 10000 40 ------- ------- ------- 1.71x10-6 26 1.7x102 
   6.96x10-7 33 1.87x102 9.37x10-7 32 1.9x102 
Bottom-contact bottom-gate geometry, spin-coating processed onto OTs-
modified Si/SiO2 with a solution of 8.2 mM at 50oC prepared under N2 in 
CHCl3 and measured under vacuum. Annealing at 100oC for 15 minutes. 
Table 6.8. Mobility (), voltage threshold (Vth) and current on/off ratio 
(IOn/Off) values of OFET-19 fabricated on 8@1. 
TFT19 8@1     
Electrode W(m) L(m)  (cm2/Vs) Vth (V) IOn/Off  
1 5000 100 ------ ------ ------ 
2 10000 50 ------ ------ ------ 
3 20000 20 ------ ------ ------ 
4 
20000 10 6.48x10-7 
-3 8.1 
x102 
5 10000 5 ------ ------ ------ 
6 4000 2 ------ ------ ------ 
7 2000 1 1.65x10-7 6 1.3x103 
4.07x10-7 2 1.1x103 
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Table 6.9. Mobility (), voltage threshold (Vth) and current on/off ratio 
(IOn/Off) values of OFET-20 fabricated on 8@1. 
OTFT-20 10@1     
Electrode W(m) L(m)  (cm2/Vs) Vth (V) IOn/Off  
1 5000 100 ------ ------ ------ 
2 10000 50 ------ ------ ------ 
3 20000 20 ------ ------ ------ 
4 20000 10 ------ ------ ------ 
5 10000 5 ------ ------ ------ 
6 4000 2 7.01E-08 -10 41 
7 2000 1 3.31E-07 -5.5 1709 
2.01E-07 -7.7 875 
 
 
Table 6.10. Mobility (), voltage threshold (Vth) and current on/off ratio 
(IOn/Off) values of OFET-21 fabricated on 8@1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
OFET-21 8@1    
Electrode W(m) L(m)  (cm2/Vs) Vth Ion/off 
1 5000 100 ------ ------ ------ 
2 10000 50 ------ ------ ------ 
3 20000 20 6.76x10-7 -27 8.5x101 
4 20000 10 2.22x10-7 -41 2.4x101 
5 10000 5 5.42x10-7 -23 5.4x102 
6 4000 2 ------ ------ ------ 
7 2000 1 ------ ------ ------ 
   4.80x10-7 30 2.2x102 
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Table 6.11. Mobility (), voltage threshold (Vth) and current on/off ratio 
(IOn/Off) values of OFET-22 fabricated on 8@1. 
 
 
 
Table 6.12. Mobility (), voltage threshold (Vth) and current on/off ratio 
(IOn/Off) values of OFET-23 fabricated on 8@1. 
 
OFET-23 8@1     
Electrode W(m) L(m)  (cm2/Vs) Vth Ion/off 
1 5000 100 ------ ------ ------ 
2 10000 50 1.53x10-5 -31 6.2x101 
3 20000 20 1.80x10-6 -25 2.2x102 
4 20000 10 8.26x10-6 ------ ------ 
 
 
 
 
 
 
 
 
OFET-22 8@1  
Electrode 
W(m) L(m) 
 
(cm2/Vs) 
Vth Ion/off 
1 5000 100 ------ --- ------ 
2 10000 50 ------ --- ------ 
3 20000 20 4.51x10-6 23 2.5x102 
4 20000 10 8.26x10-7 21 3.0x102 
5 10000 5 ------ --- ------ 
6 4000 2 5.42x10-7 28 9.7x101 
7 2000 1 3.99x10-7 42 2.2x101 
   1.56x10-6 29 1.7x102 
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7.1. Introduction 
Macrocycles are the base of the construction of so-called mechanically 
interlocked molecules (MIMs) as well as other threaded structures, such as 
pseudorotaxanes and rotaxanes.  
Due to the fascinating structure of rotaxanes, the development of 
straightforward procedures to synthesise this kind of compounds has been 
extensively explored, leading to synthetic strategies which generally follow five 
main routes. This method involves: capping, snapping, clipping, slipping and 
active metal template (Figure 7.1). [196] 
 
Figure 7.1. General methods for the synthesis of rotaxanes.[196] 
Capping and Snapping method 
The synthesis of rotaxanes by the capping method involves forming a 
pseudorotaxane by mixing a linear and macrocycle component held by non-
covalent interactions. Then, this pseudorotaxane is reacted by the ends of the 
lineal component with two stoppers to prevent the ring slipping of the axel, 
producing a rotaxane. A variant from this method is the snapping method in 
which the linear components contains a stopper one side. After the 
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pseudorotaxane formation is achieved the rotaxane by reacting the complex 
with and end group. This method is commonly used to obtain asymmetric 
rotaxanes. 
 
Clipping method 
In this case, the linear component is composed by two end groups and the 
macrocyles is formed around by a ring closing reaction forming the rotaxane. 
 
Slipping approach 
In this method, the macrocycle and the thread molecule are synthesized 
separately. These two species are heated together in solution and the high 
temperature will provide enough energy for the axle with appropriate stoppers 
to slip into the ring component to form a rotaxane. When the reaction mixture 
is cooled down, the thread is obliged to remain due to the non-covalent 
interactions between them. This approach requires an appropriate bulky 
group on the thread to let threading at high temperatures and prevent slipping 
when the mixture is cooled down. 
 
Active metal template 
The formation of rotaxanes using an active metal as template has a dual 
role. The metal ion is chosen such that it can act as template and catalyse 
covalent bond formation between two suitably functionalised half-linear units 
or to eﬀect ring closure of a precursor to a macrocycle.[210] 
  
 
 
 
7.2. Objectives 
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In Chapter 7 it will be shown the synthesis and characterization of some 
of a series of rotaxanes. Each of them are constituted by a phenazine as thread 
and Leigh-type tetralactam macrocycle already studied chapter 1. The 
complexation will be rendered irreversible by the introduction of peripheral 
bulky groups in the phenazine to prevent it from slipping away from the 
macrocyclic host. Two different phenazines will be synthesized with a diphenyl 
acetate and a diphenylethoxy cores for phenazine 13, 14 and 15, respectively.  
 
 
Figure 7.2. Phenazine-thread and rotaxane structures for Chapter 7. 
 
7.3. Results and discussion 
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7.3.1. Synthesis 
In this part is described the synthesis of the two phenazines-threads with 
bulky substituents and the formation of rotaxanes by some methods 
described in the introduction.  
 
7.3.1.1. Synthesis of phenazine-threads 
The introduction of bulky substituents into the core of phenazine was 
carried out as described in Scheme X. On one side 2,7-dyhidroxyphenazine 
(34) in presence of DMAP at 0oC was esterificated with addition of a solution 
of diphenyl acetic acid and EDCI to afford 2,7-(bis-(2,2-
Diphenhylacetate)phenzine (13). On the other side 34 was used again in a 
Williamson reaction to afford 2,7-bis(3,3-diphenylpropoxy)phenazine (15). 
The formation of the dialkoxy anion of X with K2CO3 as base in DMF allowed 
a nucleophilic reaction via SN2 to obtain phenazine 15. 
 
 
 
 
 
Scheme 7.1. Synthetic route of phenazines-threads  
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7.3.1.2. Synthesis of Rotaxanes 
Capping method 
In the capping method there are involved two steps. The first one is the 
formation of the pseudorotaxane 34@1 between two solutions of 2,7-
hidroxyphenezine and macrocycle 1. The second one, rotaxanes 17@1 and 
18@1 will be formed by endcapping the thread with bulky groups to prevent 
it from dethreading (Scheme 7.2). 
 
 
 
 
 
 
After mixing macrocycle 1 and 2,7-dihydroxyphenazine an orange 
insoluble precipitated was obtained by different methods (Table 1.1, 
pseudorotaxane formation). Without further purification orange precipitate 
was reacted in different conditions by esterification reaction (Table 1.1, 
capping reaction). Firstly, in presence of DMAP at 0oC with addition of a 
solution of diphenyl acetic acid and EDCI. Secondly with diphenyl acid 
Scheme 7.2. Capping method route for rotaxanes 17@1 and 18@1 
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chloride in pyridine and in TCE. In both methods, only by TLC was observed 
an orange spot that could be related with the rotaxane 17@1. After 
purification by column chromatography no signal of the rotaxane 17@1 was 
observed by 1H NMR maybe because it decomposed during the purification.  
Table 1.1. Conditions of the formation of rotaxane 17@1. Pseudorotaxane 
formation 34@1 followed by capping method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pseudorotaxane 18@1 was tried to obtain by a synthesis of Williamson 
through the pseudorotaxane 34@1 with different conditions (Table 7.2). But 
also, no evidence of the product by 1H NMR after the purification process was 
obtained. 
 
 
 
 
Pseudorotaxane 
formation 
Eq 1 Eq X Solvent Conditions 
a) 1 1 TCE 6OoC, 1.5 h 
b) 1 3.8 TCE/MeOH (8:2) 40oC, 3 days 
c) 1 4.4 TCE/MeOH (8:2) 40oC, 1 days 
d) 1 1 Pyridine rt, 2 h 
e) 1 1 THF rt. 7 days, N2 
f) 1 1 TCE rt, 7 days, N2 
Capping 
reaction 
Eq  
Diphenyl 
acid 
Eq 
EDCI/DMAP 
Solvent Conditions 
a) 3.0 3.5/3.5 TCE 1 day 
b) 3.0 3.5/3.5 TCE 7 days 
Capping 
reaction 
Eq  
Diphenyl acid chloride 
Solvent Conditions 
c) 2 Pyridine rt. 2h 
d) 3.5 Pyridine rt. 4h 
e) 3.5 TCE rt. 1 day 
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Table 7.2. Conditions of the formation of rotaxane 18@1. Pseudorotaxane 
formation X@1 followed by capping method. 
 
Snapping method 
The synthesis of rotaxane 18@1 also was tried by the snapping method 
that is often used to prepare nonsymmetric rotaxanes (Scheme 3). In our case 
due to the problems of solubility of pseudorotaxane 34@1 the use of a 
threading that bears a solubilizing group could help to the solubility of the 
pseudorotaxane and hence the formation of the rotaxane. Next a mixture 1:1 
of 14@1 and macrocycle 1 in pyridine gave an orange solution that was added 
diphenyl propane in a mixture of TCE/TEA. However, no signal of rotaxane 
18@1 was observed by TLC. 
 
 
 
 
Pseudorotaxane 
formation 
Eq 1 Eq X Solvent Conditions 
a) 1 1 THF/K2CO3 rt, 3 h 
b) 1 1 THF/NaH rt, 3 days 
c) 1 1 DMSO/NaH rt, 3 days 
d) 1 1 Pyridine rt, 3h 
Capping reaction 
Eq  
Diphenyl propane 
Solvent Conditions 
a) 3.0 THF 3 days 
b) 3.0 THF 60oC 1 day 
c) 3.0 DMSO rt. 7 days 
d) 3.0 Pyridine/K2CO3 rt. 2 days 
Scheme 7.3. Snapping method route for rotaxane 18@1 
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Table 7.3. Conditions of the formation of rotaxane 18@1. Pseudorotaxane 
formation 14@1 followed by snapping method. 
 
Slipping method 
 
The formation of rotaxane 12@1 also was unsuccessful using the slipping 
method. A stoichiometric mixture of 12 and macrocycle 1 in TCE-d2 was 
heated during 3 h at 60oC and at 100oC, but no evidence of the rotaxane 12@1 
was observed by 1H NMR. 
 
 
 
 
 
 
 
 
 
 
Pseudorotaxane 
formation 
Eq 1 Eq X Solvent Conditions 
a) 1 1 Pyridine rt, 3 h 
Capping 
reaction 
Eq  
Diphenyl propane 
Solvent Conditions 
a) 3.0 TCE/TEA rt. 6 h 
Scheme 7.4. Slipping method route for rotaxane 12@1 
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Clipping method 
 
Finally, the synthesis of the rotaxanes 16, 17, 18 and 19 were achieved 
following the clipping. The synthesis is very similar than for the synthesis of 
the bare macrocycles. A diluted solution of the appropriate acid dichloride 
(10-3-10-4M) in dry chloroform and a solution Bis(aminomethyl) compound 
(10-3-10-4M) and triethylamine in dry chloroform were simultaneously added 
via a motor driven syringe pump to stirring, room temperature anhydrous 
chloroform solution of the corresponding phenazine (13 or 15) over a period. 
After removal of the polymer by filtration the macrocycle was purified by 
column chromatography and re-precipitated.  
 
Three different reactions increasing the initial concentration of the tread 
from 0.46 to 3.7 mg were tried to obtain 17 (Scheme 7.5 and Table 7.4). While 
for reactions 1 and 2 was impossible to detect the desired rotaxane after the 
purification, only in reaction 3 was possible to characterize the product by 1H 
and COSY NMR. 
 
 
 
 
 
 
 
 
Scheme 7.5. Slipping method route for rotaxane 17 
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Table 4. Conditions for the synthesis of rotaxane 16 by clipping method. 
 
Using thread 15, rotaxane 18 was improved the yield changing increasing 
the concentration of thread 15 from 0.36 to 3.4 mM. The conditions of the 
reaction are listed in Table 5. Comparing to thread 13, the yield was improved, 
that it can be due to the more flexible bulky groups that have phenazine 15. 
The conditions of the formation of rotaxanes 17 and 19 are listed in Table 7.6.  
 
Reaction Compound 13 Bis(aminomethyl) acid dichloride Yield (%) 
1 Quantity (mg) 7.0 20.5 15.9  
 Equivalents 1 7.8 7.8  
 Concentration (mM) 0.46 16 16  
2 Quantity (mg) 12.0 38.1 32.9  
 Equivalents 1 7.8 7.8  
 Concentration 0.8 30 30  
3 Quantity (mg) 50.0 15.5 13.3  
 Equivalents 1.3 1 1  
 Concentration 3.7 11.0 11.0 1 
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Table 5. Conditions for the synthesis of rotaxane 12@1 by clipping method. 
 
Reaction Compound 11 Diamine 
acid 
dichloride 
Yield 
(%) 
1 Quantity (mg) 10.4 100.0 89.0  
 Equivalents 0.35 0.42 0.42  
 
Concentration 
(mM) 
0.36 28 28 1 
2 Quantity (mg) 60.9 276 320  
 Equivalents 0.10 20 20  
 
Concentration 
(mM) 
3.4 22.5 22.5 8 
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Table 6. Conditions for the synthesis of rotaxane 12@4 and 12@3 by clipping 
method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reaction Compound 11 diamine 
acid 
dichloride 
Yield 
(%) 
12@4 Quantity (mg) 48 217 326  
 Equivalents 1 20 20  
 
Concentration 
(mM) 
3.9 26.5 26.5 29 
12@3 Quantity (mg) 40.6 320 517  
 Equivalents 0.10 20 20  
 
Concentration 
(mM) 
3.4 22.5 22.5 36 
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7.3.2. Chacracterization by 1H NMR 
 
The formation of the four rotaxanes was confirmed by NMR techniques. In 
all of them, amidic protons give a unique signal that are deshielded respect to 
their macrocyle accordingly with the participation in hydrogen bonds. 
Rotaxanes with 2,6-pydridinedicarbonyl units 12@4, 12@1 and 11@1 shows 
a NH= +1.37, +1.70 and +1.68 ppm, respectively. Furthermore, protons from 
the pyridine unit are also lower deshielded, for pseudorotaxane 12@4 were 
A= +0.12 and B= +0.18 while for 12@1 and 11@1 were the same A= 
+0.19 and B= +0.28 ppm. Amidic protons for rotaxane 12@3 were 
deshielded NH= 1.17 ppm and the isophtalic protons A= +0.28 and B= 
+1.96 ppm addition. This high deshield for HB indicates a possible 
contribution CH···Nphen. Finally, the mutual shielding of the phenazine signals 
(1, 2, and 3) and of the p-phenylene (D) in rotaxane 12@4 or the 9,10-
anthrylene (D and E) in rotaxanes 11@1, 12@1 and 12@3 is consistent with 
the co-facial orientation of the phenazine and the aromatic walls. 
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7.3.3. Spectroscopic measurements in solution 
 
The absorption spectra of the pseudorotaxane 12@4 can be considered as 
an overlap of the individual species but the emission is only the contribution 
of the phenzine 12 because of macrocycle 1 does not showed emission. In 
contrast, rotaxanes 12@1 and 12@3 shows a new broad band after 460 nm, 
in both, that correspond a CT band in the UV-Vis spectra. This indicates that 
there is an electronic communication between the thread and the macrocycle. 
Exiting at 385 nm, rotaxane 12@1 showed an emission band at 584 while 
rotaxane in rotaxane 12@4 is red-shifted 6 nm (λem= 590 nm). 
 
 
Figure X. Individual comparison of the normalized absorption and emission 
spectra of the macrocycles (4, 1 and 3) and phenazines 12 of a 10-5 M solution 
at 298K in TCE. 
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7.3.4. X-ray Crystal Structures 
Rotaxane 12@4 crystalized in a triclinic unit cell with a P-1 as space 
group. Both pyridine units are bent with the same angles (122o). The 
phenazine-tread 12 is encapsulated forming hydrogen bonds between the 
amides of the macrocycle and the N atoms of the phenazine (dNH···Nphen= 2.27 
and 2.43 Å). Furthermore, this configuration lets the formation of 
intramolecular hydrogen bonds (dNH···Npyr= 2.26 and 2.28 Å). In this way the 
phenazine is perfectly parallel to the macrocycle walls with a - interactions 
with d1C-C = d2C-C = 3.38 and d1C-P = d2C-P = 3.38 Å. 
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Table X. Hydrogen bond distances and angles for rotaxanes 12@4 and 12@3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 12@4 12@1 
dNH···N Phenazine (Å) 
 
2.43/2.27 
2.27/2.43 
2.52/2.47 
2.47/2.52 
N···H···N Phenazine (deg) 
 
143.9/146.3 
146.3/143.9 
149.4/157.0 
157.0/149.4 
dNH···N Pyridine (Å) 
 
2.27/2.26 
2.26/2.27 
---/--- 
---/--- 
N···H···N Pyridine (deg) 
 
108.2/108.2 
108.2/108.2 
---/--- 
---/--- 
dCH···N Phenazine (Å) ---/--- 2.81/2.81 
C···H···N Phenazine (deg)  124.0/124.0 
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7.4. Conclusions 
In this chapter, different methods were used for the synthesis of a 
phenazine-thread rotaxanes containing Leigh type macrocycles. Capping, 
Snapping and Slipping methods were not successful for their synthesis. 
However, the clipping method was satisfactory for the synthesis of this new 
rotaxanes. Rotaxane 11@1 with a rigid diphenylacetate groups on the 
phenazine core was obtained with a low yield (1%) while rotaxanes 12@4, 
12@1 and 12@3 with a more flexible diphenylehtyl groups gave higher yield 
8-36%. The encapsulation was confirmed by 1HNMR techniques for all of them 
and X-Ray diffraction for 12@4 and 12@3. Absorption and emission 
measured confirmed only electronic communication between anthracene 
units of the macrocycle and the phenazine for 12@1 and 12@3 by the 
formation of a CT band while for rotaxane 12@4 with p-phenylene units was 
not observed. 
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7.5. Experimental part 
Synthesis of rotaxanes - General method 
bis(aminoethyl) compound was dissolved in mixture of anhydrous 
chloroform and triethylamine (solution 1). Dichloride acid X was dissolved in 
anhydrous chloroform (solution 2). Both aliquots were added slowly over 4 h 
by dual syringe pump with stirring into a solution of anhydrous chloroform 
(120 ml) under nitrogen. The mixtue of reaction was filtered through out 
Celite, the solution was reduced and the residue was purified by column 
chromatography using silica gel (1 % MeOH/CHCl3) to afford the different 
macrocycles. After them were solved in dichloromethane and was precipitated 
from EtOH three times. Macrocycles were dried in a vacuum oven at 150oC.  
 
Synthesis of rotaxane 12@4 
 
1H NMR (400 MHz, Cl2CDCDCl2)  = 9.50 (m, 4H), 8.50 (d, J = 7.7 Hz, 4H), 
8.17 (t, J = 7.7 Hz, 2H), 7.61 (d, J = 9.3 Hz, 2H), 7.39 (d, J = 9.0 Hz, 2H), 7.36 
– 7.09 (m, 20H), 6.79 (s, 2H), 5.96 (d, J = 6.8 Hz, 4H) , 5.85 (d, J = 6.8 Hz, 
4H), 4.30 – 4.17 (m, 6H), 4.12 – 4.02 (m, 4H), 3.69 (d, 4H) and 2.57 – 2.47 (m, 
4H). 13C NMR (101 MHz, Cl2CDCDCl2)  = 163.85, 160.07, 149.41, 143.83, 
142.37, 139.61, 139.25, 134.64, 128.87, 128.39, 127.96, 127.20, 126.79, 
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126.70, 125.74, 104.02, 66.49, 47.15, 43.86 and 34.30. EM (MALDI-TOF) 
(m/z): calculated for [M]+ C72H64N8O6: 1136.495, found: 1136.482. 
 
 
 
 
 
 
 
 
 
C 
D/D’ 
B 
A 
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2 
1 
4 
5 
6 7 
8 
9 
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Synthesis of rotaxane 12@1 
 
 
 
1H NMR (500 MHz, Cl2CDCDCl2)  = 9.25 (t, J = 3.9 Hz, 4H), 8.74 (d, J = 7.9 
Hz, 4H), 8.31 (t, J = 7.9 Hz, 2H), 7.46 (d, J = 8.8 Hz, 4H), 7.43 – 7.22 (m, 24H), 
7.03 (d, J = 9.3 Hz, 2H), 6.91 – 6.83 (m, 4H), 6.69 – 6.59 (m, 4H), 6.38 (dd, J 
= 9.3, 2.5 Hz, 2H), 6.02 (d, J = 2.5 Hz, 2H), 5.07 (d, J = 3.9 Hz, 8H), 4.26 (t, J 
= 7.9 Hz, 2H), 3.60 (t, J = 6.4 Hz, 4H) and 2.59 (q, J = 6.4 Hz, 4H). 13C NMR 
(126 MHz, Cl2CDCDCl2)  =165.83, 159.44, 151.01, 145.39, 141.88, 140.35, 
138.66, 130.31, 130.15, 130.04, 129.25, 128.22, 128.14, 127.64, 127.60, 
127.16, 126.52, 125.61, 125.35, 105.77, 67.07, 48.63, 38.94 and 36.00. EM 
(MALDI-TOF) (m/z): calculated for [M]+ C88H70N8O6: 1334.542, found: 
1334.535. 
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Synthesis of rotaxane 12@3 
 
1H NMR (400 MHz, Cl2CDCDCl2)  = 9.25 (s, 2H), 8.68 (s, 4H), 7.51 (d, J = 8.7 
Hz, 4H), 7.45-7.22 (m, 28H) 6.93 (m, 4H), 6.79 (d, J = 9.1 Hz, 2H), 6.74 – 6.63 
(m, 4H), 6.46 (d, J = 9.1 Hz, 2H), 5.82 (s, 2H), 5.00 (m, 8H), 4.26 (t, J = 7.7 
Hz, 2H), 3.57 (s, 3H), 2.82 – 2.49 (m, 4H) and 1.23 (s, 42H). 
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General Methods 
All commercially available reagents and solvents were used without 
further purification unless otherwise specified. Anhydrous THF, toluene and 
DMF were dried using an Innovative Pure Solve solvent purification system. 
All reactions were carried out under inert atmosphere of nitrogen and oven-
dried glassware, unless stated otherwise. 
Column chromatography was carried out using Silica gel 60 (40-60 μm) (230-
400 mesh) from Sharlab. Thin layer chromatography (TLC) was performed to 
follow the reaction process by using sheets (20x20) of aluminum pre-coated 
with silica gel 60 F254 from Merck. UV-active compounds were detected with 
a UV-lamp from CAMAG at wavelength λ = 254 or 366 nm. 
Nuclear magnetic resonance 
1H-NMR and 13C-NMR spectra were recorded on Bruker Avance 400 or 500 
spectrometer at 298 K using partially deuterated solvents as internal 
references. Chemical shifts are reported in () ppm and referred to TMS. 
Multiplicities are denoted as follows: s = singlet, d = doublet, t = triplet, m = 
multiplet, br = broad. 1H NMR data were reported in order: chemical shift, 
multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet), coupling 
constants (J, Hz), number of protons. 
1H-NMR titrations were performed at the NMR General Services of the 
University of the Basque Country by Dr Jose Ignacio Miranda.  
Maldi-TOF  
Matrix-assisted laser desorption ionization (coupled to a TOF analyser) 
experiments were recorded on Bruker REFLEX spectrometer at POLYMAT by 
Dr Antonio Veloso. 
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X-ray diffraction  
X-ray diffraction measurements were performed at the X-ray diffraction unit 
of the General Services of the University of the Basque Country by Dr Leire 
San Felices. Intensity data were collected on an Agilent Technologies Super-
Nova diffractometer, which was equipped with monochromated Cu ka 
radiation (l¼1.54184Å) and Atlas charge-coupled device detector. 
Measurement was carried out at 150.00(10) K with the help of an Oxford 
Cryostream 700 PLUS temperature device. Data frames were processed 
(united cell determination, analytical absorption correction with face 
indexing, intensity data integration and correction for Lorentz and 
polarization effects) using the Crysalis software package. The structure was 
solved using Olex2 and reﬁned by full-matrix least-squares with SHELXL-97. 
Final geometrical calculations were carried out with Mercury and PLATON as 
integrated in WinGX. 
Data for the crystal structures were collected on a Bruker SMART APEX2 CCD 
area detector diffractometer with Mo-Kα radiation. The single crystals were 
coated at room temperature with perfluoroether oil and mounted on 0.1 mm 
micromounts. The structures were solved by direct or dual space methods in 
SHELX and OLEX2and refined by least squares on weighted F2 values for all 
reflections. All hydrogen atoms were included in the refinement in calculated 
positions by a riding model. The graphical representations were prepared with 
mercury. 
UV-Vis spectroscopy  
Absorption and emission spectra were recorded on a Perkin-Elmer Lambda 
950 spectrometer and a LS55 Perkin-Elmer Fluorescence spectrometer, 
respectively. 
All the UV−vis electronic absorption spectra presented were obtained using a 
Cary 5000 UV-vis-NIR spectrometer from Varian 
- Solid state (room temperature) 
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Samples were dispersed in KBr pellets under N2 atmosphere using an 
Aldrich® AtmosBag. 
- Solution (variable temperature) 
Measurements of the samples in tetrachloroethane at 10-4 M and at different 
temperatures were carried out in quartz cuvettes by means of an Optistat-DN 
cryostat from Oxford instruments. 
Photophysics 
Steady-state fluorescence spectra were obtained using a FLS920 fluorimeter 
of Edinburgh Instruments, with a Xenon900 lamp (400W) for excitation. 
Fluorescence Lifetimes were measured using different diode Leds (pulse 
width: 500-600 ps) Picoquant PLS- λ with different wavelengths: 280 nm 
(λmáx= 284 nm), 310 nm (λmáx= 306 nm), 340 nm (λmáx= 343 nm), 370 nm 
(λmáx= 376 nm), 450 (λmáx= 458 nm), 500 nm (λmáx= 498 nm) and 600 nm 
(λmáx= 597 nm). Two photomultipliers were used for detection:  
- R26548P, (λ 200-1000nm) 
- R928P, (λ 200-800nm) 
For variable temperature measurements, a Optistat-DN cryostat from Oxford 
instruments was used. 
Thermal properties  
TGA Q500 TA Instruments was used to perform the thermogravimetric 
analysis (TGA) using a 10 ºC /min heating rate under a nitrogen flow, which 
was changed to oxygen from 800 ºC. (Alba) 
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La electrónica orgánica estudia materiales semiconductores basados en 
carbono para su posterior implementación en dispositivos electrónicos.[1] La 
colaboración tanto de químicos, físicos, ingenieros de materiales e incluso 
informáticos es requerida para el buen desarrollo del diseño, fabricación y 
simulación de estos semiconductores orgánicos en esta área tan 
interdisciplinar. Entre la comunidad científica está bien establecido que 
cuanto mayor grado de ordenación en estos materiales orgánicos mayor mejor 
eficiencia presentan los dispositivos electrónicos, entre ellos los transistores 
orgánicos de efecto de campo. Debido a que el transporte de carga está 
íntimamente relacionado con la interacción de los orbitales , el orden a nivel 
supramolecular de estos materiales tiene grandes consecuencias. 
El autoensamblaje es el proceso de asociación de moléculas que da lugar 
a estructuras complejas a través de interacciones intra e intermoleculares.  
En los años 60 empezó su desarrollo con los trabajos de interacción entre 
macrocilos y ligandos por parte de Pedersen, Lhen y Cram, reconocidos con 
el premio Nobel en 1987.[2]–[4] Desde entonces ha habido grandes avances 
donde el año pasado se volvió a conceder el premio Nobel a Jean-Pierre 
Sauvage, Fraser Stoddart y Ben Feringa por el desarrollo y síntesis de 
máquinas moleculares. 
Los usos de estos materiales en comparación en comparación con los 
inorgánicos presentan una serie de beneficios ya que se pueden producir de 
una manera más específica manipulando su estructura química.[5] Además, 
presentan propiedades prometedoras debido a su ligereza y flexibilidad 
capaces de producirse en grandes superficies con técnicas de producción 
menos costosas.[6], [7] Todo ello de una manera más sostenible y menos 
perjudicial para el medio ambiente. 
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El objetivo principal de esta tesis está basado en los conceptos de la 
química supramolecular para su aplicación en la electrónica orgánica la cual 
requiere del diseño y síntesis de materiales orgánicos semiconductores.  Para 
ello se ha desarrollado una metodología para la formación de columnas 
intercaladas por autoensambalaje con derivados de acenos, como unidad 
dadora (D). Estas columnas estarán formadas por un macrociclo tipo Leigh 
con dos unidades paralelas semiconductoras. La cavidad será definida de tal 
manera que pueda dar lugar a interacciones tipo “host-guest” con unidades 
deficientes en electrones como es el caso de los azaacenos, unidad aceptora 
(A). Estos complejos pueden llegar a autoensamblarse formando columnas 
···DADDAD··· y creando de esta manera canales de conducción ordenados 
debido a fuerzas intermoleculares tipo . 
En el capítulo 2, se ha seleccionado y sintetizado el tetra lactama 
macrociclo 1 con dos antracenos como unidades D, separadas por 7Å (Figura 
1).[8] Aunque esta cavidad es grande para que haya comunicación electrónica 
entre las unidades aromáticas se puede introducir una unidad 
semiconductora equidistante a estas mediante la formación de puentes de 
hidrogeno.  Además, se sintetizaron dos nuevos macrociclos 2 y 3 basados en 
1. Se mejoró la solubilidad para 2 además ampliar la cavidad para 3 debido 
a la no formación de enlaces de hidrogeno intramoleculares determinado por 
técnicas de RMN y cristalografía por rayos X. Además, se detectó la formación 
sus correspondientes macrociclos endoperóxidos por RMN 1*-3* en 
disolución. Los tres macrociclos 1-3 presentaron una absorción y emisión 
característica a la del antraceno tanto en disolución como en estado sólido. 
Cabe mencionar que en el macrociclo 3 se observó un desplazamiento en el 
azul debido a su empaquetamiento estructural en el que se pueden observar 
unidades de antraceno solapadas. Todos ellos mostraron una estabilidad 
térmica por encima de los 400oC. Se midieron sus propiedades 
semiconductoras por time resolved microwave conductivity (TRMC) obteniendo 
una fotoconducción de 6.9x10-5 cm2/Vs para 1. En el caso de 2 y 3 los valores 
obtenidos fueron de 2.5x10-4 cm2/Vs y 1.5x10-4 cm2/Vs, respectivamente. 
Ambos de un orden de magnitud mayor que para el macrociclo 1. 
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Figura 1. Macrociclos sintetizados en el capítulo 1. 
 
En el capítulo 2, se han sintetizado una serie de fenazinas, como unidad 
A, dada a su gran versatilidad en sus propiedades tanto ópticas como 
electrónicas y su sencillo sistema aromático  (Figura 2).  Debido a ello and 
demostrado semicondución tipo n en transistores de efecto de campo.[9] 
También se han implementado en aplicaciones como diodos emisores de luz 
y celdas photovoltaicas organicas.[10] Serán utilizadas como unidades A con 
los macrociclos sintetizados en el capítulo 1, ya que tienen la habilidad de 
formar enlaces de hidrogeno a través del grupo aceptor aza. Las fenazinas 
sintetizadas se han clasificado en tres grupos dependiendo de su estructura 
en: no sustituidas (4-6), ricas en electrones (7-10) y deficientes de electrones 
(11-12). De todas ellas se han caracterizado por RMN además de sus 
propiedades ópticas tanto en disolución como en estado sólido. También se 
estudió su estabilidad térmica y finalmente sus propiedades semiconductoras 
por TRMC. 
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Figura 2. fenazinas sintetizadas en el capítulo 2. 
 
En el capítulo 3, se sintetizó y se caracterizó una serie de pseudorotaxanos 
formados, mediante el macrociclo 1 estudiado en el capítulo 1 y las fenazinas 
del capítulo 2, en disolución (Figura 3). De esta manera obteniéndose 
unidades DAD. Inicialmente se hizo un estudio con sistemas de tres anillos 
aromáticos fusionados como el antraceno, la acridina y la fenazina 4. Se 
confirmó por RMN que para la formación de estos pseudorotaxanos es 
necesario un mínimo de dos nitrógenos como unidades aceptores de puentes 
de hidrogeno en posiciones opuestas. Además, también se confirmó la 
encapsulación con las fenazinas de los diferentes grupos, no sustituidas (4-
6), ricas (7-10) y deficientes de electrones (11 y 12). Estas dieron lugar a los 
pseudorotaxanos correspondientes de cada grupo de fenazinas, 4@1-6@1, 
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7@1-10@1 y 11@1-12@1. Sus constantes de asociación (Ka) fueron 
determinadas por valoraciones caracterizadas por RMN dando valores entre 
10-2-10-4 M-1 dependiendo de la naturaleza de la fenazina utilizada. Además, 
se obtuvieron disoluciones estables con el tiempo para los pseudorotaxanos 
10@1 y 11@1. Finalmente se demostró comunicación electrónica entre las 
unidades de antraceno del macrociclo 1 y las diferentes fenazinas por 
absorción, ya que mostraron una banda de transferencia de carga debido a la 
capacidad dador y aceptora de los mismos. 
 
Figura 3. Pseudorotaxanos formados en el capítulo 3. 
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En el capítulo 4, se estudió la organización supramolecular de los 
pseudorotaxanos caracterizados en el capítulo 3 a partir de sus estructuras 
cristalinas mediante rayos X. La encapsulación de las fenazinas por parte del 
macrociclo 1 se evidenció de nuevo. Estas se insertan dentro de la cavidad a 
una distancia equidistante entre las unidades de antraceno formando 
interacciones tipo  (3.50 Å), obteniéndose así unidades DAD. De este modo 
forman enlaces por puente de hidrogeno bifurcados, cuatro entre las amidas 
del macrociclo 1 y los nitrógenos de la unidad de pirazina y cuatro adicionales 
intramoleculares con el anillo de pirdina del macrociclo 1. En cuanto a su 
organización supramolecular, en general estos pseudorotaxanos con 
unidades DAD, forman columnas autoensambladas ···DADDAD···, con unas 
distancias interplanares entre 3-4 Å dependiendo de la naturaleza de la 
fenazina. Alternativamente fuerzas estéricas, como en el caso de 8@1 con 
cadenas hexilo, distorsionan el apilamiento formando estructuras 
ensambladas por interacciones  entre el anillo de pirdina de un complejo y 
el antraceno del contiguo. Además, este comportamiento también se observó 
para el caso de 10@1 con la fenazina perfluorada 10, perteneciente al grupo 
de deficientes de electrones, debido a interacciones electrostáticas 
formándose dipolos ( + -). 
Respecto a sus propiedades ópticas en estado sólido se midieron respecto 
a partir de muestras cristalinas en polvo. Estos pseudorotaxanos son 
característicos por su coloración que difieren totalmente de sus compuestos 
de partida. Aunque los espectros de absorción son la superposición del 
macrociclo 1 y las fenazinas, aparece una nueva banda muy poco intensa 
asociada a la transferencia de carga entre la unidad D y A que varía en función 
de la ionicidad de la estructura DAD formada. Por otro lado, la 
fotoluminiscencia observada corresponde a la de los complejos formados y no 
a la de los componentes individuales. También, se estudió la estabilidad 
térmica por termo gravimetría (TGA), debido a que estos compuestos atrapan 
disolvente en su estructura y así poderlo remover sin afectar a su 
composición. Finamente se midió su fotoconductividad por TRMC, se 
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obtuvieron valores de 10-4 cm2/Vs, un orden de magnitud mayor que en 
comparación con el macrociclo 1 vacío. 
En el capítulo 5, se fabricaron OFET de los pseudorotaxanos 
caracterizados en los dos capítulos anteriores. Las películas semiconductoras 
se formaron por spin-coating en diferentes superficies como SiO2 o esta misma 
modificada con el hexametildisilazano o octadeciltriclorosilano. Finalmente, 
estos se midieron y para el caso de 8@1, con cadenas hexilo en su estructura, 
se obtuvo semiconducción tipo p con una movilidad máxima de max= 1.53x10-
5 cm2/Vs. En cambio, para 10@1, con la fenazina perfluorada 10, se obtuvo 
un comportamiento tipo n con max= 3.01x10-6 cm2/Vs. De esta manera 
demostrando que se puede modular el tipo de semiconducción en función de 
la fenazina incluida dentro de la cavidad del macrociclo 1. 
En el capítulo 6, se sintetizaron una serie de rotaxanos (16-19) basados 
en las mismas estructuras DAD y así haciendo irreversible la formación de 
estos complejos (Figura 4). Se han estudiado diversos métodos sintéticos 
como el capping, snaping, slipping y clipping. Para ello se sintetizaron tres 
fenazinas modificadas con grupos voluminosos en sus extremos 13-15. De 
todos los métodos utilizados se dedujo que el más propicio para la formación 
de este tipo de rotaxanos es el clipping, debido a la mayor solubilidad que 
presentan sus productos de partida en comparación con los demás métodos. 
La comunicación electrónica entre las unidades aromáticas DAD fue 
observada por sus propiedades ópticas.  Para el caso de 17 donde el 
macrociclo tiene unidades de benzeno su espectro supuso una superposición 
de su fenazina y macrociclo. En cambio, para 18 y 19 con antracenos, se 
observó una banda de transferencia de carga además de una emisión 
diferente de las especies individuales. Finalmente se obtuvieron columnas 
ordenadas ···DADDAD··· para el caso de 19 determinado por rayos X. De esta 
manera, poniendo de manifiesto la posibilidad de mantener este tipo de 
apilamiento con grupos voluminosos que puedan mejorar la solubilidad y así 
poder fabricar capas de buena calidad en futuros dispositivos. 
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Figura 4. Rotaxanos formados en el capitulo 6. 
En vista de todas las conclusiones obtendias durante la presente tesis 
doctoral, se ha empezado a investigar la formación de nuevos 
pseudorotaxanos de este tipo con los  macrociclos 2 y 3 estudiados en el 
capitulo 1. De los cuales se espera un incremento en la solubilidad para la 
mejora de las capas de los semiconductores en los transistores de efecto de 
campo. 
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